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INTRODUCTION

The main purpose of the research supported under this contract was
to measure the photodissociation cross sections of positive ions
occurring in the D-region of the ionosphere and in other ionized gases
important in Army applications. The ionosphere is of importance to the
Army because the free electron density in that region directly affects
radar and radio transmission, This density is controlled by ion
chemistry and photochemistry. Positive ion photodissociation rates are
thus needed for modeling calculations of the ionosphere under normal
and disturbed conditions. We have studied the photodissociation of
important atmospheric positive ions from 3500 te 8500 1 and have
estimated the effect of such processes on the D-region ion chemistry.
We have also studied the photodissociation of rare gas dimer ions,
which are important in the development of excimer lasers.

A second goal of these investigations was to examine the electronic
states and bonding of weakly bound positive ions, such as the ionospheric
cluster ions. Photodissociation of positive ions can be an important
power-loss process in e-beam and gas discharge lasers, and a general
mode ) should prove useful in future developmerts and applications of

interest to the U.5, Aray.

RESEARCH PROGRAM

During the first contract year, measurements were begun on the

photodissociation cross sections of a large number of atmospheric

positive {ons frem 5300 to 6700 5, using the drift tube mass spectrometer-

+
tunable dye laser apparatus. Dimer fons such as NONO had large cross

sections, and the seasurcments wete affected by diffusion. In contrast
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to our measurements with negative atmospheric ions, fast equilibrium
reactions couple many of the positive cluster ions studied and were

also found to affect the measurements. We successfully modeled these
systems kinetically, and by careful control and variation of drift

tube conditions we have been able to eliminate this source of error in

the measurements. This work is summarized in the paper "Photodissociation
of Atmospheric Positive Ions I. 5300-6700 ﬁ," published in The

Journal of Chemical Physics; this paper is attached as Appendix A.

Also during this year, we completed construction of the photo-
fragment spectrometer, which can provide more detailed measurements on
ion photodisscciation processes. This construction was done primarily
under other sponsorship, but was partially supported by this contract.
A copy of the article "A Laser-Ion Coaxial Beams Spectrometer," which

appeared in Review of Scientific Instruments, is included as Appendix B.

It sedcribes the apparatus and the detailed information derivable from

such experiments.

During the second year of this research program, detailed photo-
dissociation cross section measurements were made for the major D-region
ions from 5300 to 8600 A. This extended the previous work to longer
wavelengths. Preliminary work at shorter wavelengths was begun using
the Kr* laser lines between 47565 and 5309 . Measurements were also
begun on the rare gas dimer ions N¢2+, Arz*, Kr2+, and Xe2+ at &r+ and
Er* laser lines between 3507 and 5309 &. Results for these potential

absorbers within the cavities of excimer lasers are given in Appendix C,

a preprint of a paper to appear in Physical Review A, Dowvelopment of

a high pressure positive cluster {on seurce for the photofragnent
spectrometer apparatus was also initiated.

Duting the final year of this contract, photodissociation cruss
section measurements on the positive atmospheric ions were completed

+ + .
for the v and Xr laser lines between 3500 and 5300 A. A paper
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summarizing these results and the longer wavelength results, entitled
"Photodissociation of Atmospheric Positive Ions II. 3500-8400 A" and
published in the Journal of Chemical Physics is attached as Appendix D.

This paper alsoc discusses the nature of the electronic states of positive
cluster ions, as deduced from these measurements. The photodissociation
cross sections of C0k+ and 02+-H20 were examined in greater detail by
dye laser measurements from 4250 to 4500 A, but no structure was

observed.

Based on the data from this research, total sunlight photodissocia-
tion rates or upper limits have been calculated for the D-region positive
ions., The implications of these rates on ionospheric chemistry will be

discussed in a manuscript to be submitted to the Journal of Geophysical

Research. An attempt was made to examine the photofragment spectroscopy
of 04+ and 02+'HZO. Resolvable kinetic energy spectra could not be
obtained, primarily because of vibrational excitation in the ions. Thus
a more detailed understanding of polyatomic positive cluster ion photo-

dissociation will require further jon source dewelopment.

SUMMARY OF RESULTS
While the publications attached as appendices (particularly

Appundix D) provide a thorough discussion of rescavch under this contraet,
a complete summary of the data is given here, and our major conclusions
are discussed., Figures 1 through 7 graphically present the photodiy-
sociation cross section data for the fons O ! §0N0+. 20_CO +. N +,

. . N 4 22 4
02 -azo, 02 -2320,aad Cob « Table ! sumnarizes whose data for wave bangths
at roughly 0.1 eV intervals and includes upper limits for fons such as
NO*'Hzo, u3o+-anzo, K0+'Kz. NO+'C02, ard COCO+. Total sunlight photo-

dissociation tztes are also given.
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DISCUSSION

The photodissociation of weakly bound positive atmospheric cluster

ions can be characterized in terms of a pseudo-diatomic model. Dimer

17

+ -
ions guch as NONO have large ( > 1 x 10 cmz), smooth, bell-ghaped

cross sections. The peaks occur at shorter wavelengths for the more
strongly bound dimers. This indicates a repulsive upper state and
suggests a pseudo~diatomic model for the potential surfaces analogous

+ + +
to H2 (or Ar2 ). For mixed clusters A B, which are bound by weak

electrostatic fcrces, the analogous surfaces are separated by an

additional term representing the difference in A and B ionization

18 2
cm ), cress

potentials. Thus smocth, albeit smaller ( '~5 x 10°
+.
2 +
repulsive upper state of B +A configuration, Cluster ions of NO and

+, +
sec:ions are seen for O HZO and CO4 (02 -coz), indicating a

+

HBO do not photcdissociate at wavelengths longer than 3500 } because

of the large difierence in parent and ligand ionization potentials.
+

Thus NO =HZO does not photodissoclate at wavelengths longer than

3700 A (3.35 eV), the difference in the NO and HZO ionization potentials.
Examination of D-region metal ion clusters was included in the
proposed research under this contract., However, in view of this medel
and the low metal ionization potentials, these ions almost certainly
do not photodissociate at wavelengths longer than 3500 k. Fos example,
for Na+-H20, the ionization potential difference predicts a threshold
above 7.4 ev (1700 k).
The sunlight photodissociation rates for these ions were calculated
and are listed in Table 1. Although the photodissociation of geveral
of the atmospheric ions occurs readily and their rates for photodesiruc-

tion by the incident solar photon flux are clese to 1 sec-l, thege

dissociating ions are all more rapidly destruyed by ion-molecule

12
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reactions in the earth's atmogsphere, For those ions that are likely to

occur in the ionosphere, the more important destruction mechanisms are:

F +
H - L4 + 13
04 [+H20 02 HZO 02 below 80 km]
(N _+M=0 . N, below 70 km]
2 4 y
+
[+O = O2 + 03 above 70 km]
+ +
: - +
N4 +02 02 ?.N2 (everywhere)
+ + )
0, *HO: +H0 -HO + OH+ 0, (<80 km, with some uncertainty
2 2 2 3
in [HZO])
0.7 <co: +0.-0"+co ¢ here)
2 5t 2 4 9 everywhere

The ions NO+ + NO axd CO£+ . CO2 are unlikely to be formed in the
earth's atmosphere,

The positive ions tnat are relatively stable against two-body
collisional destruction (charge transfer or ion switching) are also
stabie against photndissociation. These are the clusters of NO+ and
ﬂ30+. Their stability in Yoih cases is due to their low electron
recombination energy compared with the icnizacion potential of the
neutrai clustering or collision partner. It is th:s apparent that

*
the only processes destroying H,O hv!~-ates are ion-{oa neutralization

3
or three-body assoctaticn to larger clurters., Photodestruction is
possible at high photor encrgies whers absorptions can occur to excited
H30+ oY HZO states, but this will be a very slow process. The jon-ion
neutralization rates are apparently quite siow, for higher hydrares,

50 this stobility may allow the buiidup of rery large cluscers.

13
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A paper presenting the sunlight photodestruction rates calculated
from the cross-section data for both positive and negative ions is
being prepared for publication. These rates will be compared with
those of other destruction mechanisms at altitudes above 50 lm, and

their ionospheric importance will be discussed.

14
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APPENDIX A

Photodissociation of atmospheric positive ions. I.
5300-6700 A¥

G. P. Smith, P. C. Cosby, and J. T. Moseley

Molecular Physics Center. Stanford Research Institute, Menlo Park, California 94025
(Received 9 June 1977)

Photodissociation cross sections have been investigated for several posilive ions of atmospheric importance
in the wavelength region from 3300 to 6700 A, using a drift tube mass spectrometer and a tunable dye
laser. The dimer ions NONO' and CO,CO; are observed to have large photodissociation cross sections
(> 10 " cm®) at these wavelengths. Three ions formed from oxygen cations O/, CO/, and O; -H,0 have
photodissociation cross sections near | X [07'" cm’, with the latter two ions exhibiting a threshold near
6200 A. The cluster ions NO*-M, where M is H,0, N,, CO,, and N,O, are not observed to
photodissociate, nor are H,0°-(H,0), ., ;. Upper limits on the photodissociation cross sections for these
ions are established in the range 10 '*-10 * ¢m’. For many of the ions studied here reactions coupling
the ion of interest with other species present in the drift tube and diffusion effects following interaction

with the laser must be explicitly considered to establish values or limits for the photodissociation cross

sections.

1. INTRODUCTION

Current attempts to understand and model the lower
ionosphere require consideration of many positive ions,!
such as CO;, O, O; - H,0, clusters of NO’, and
H;0' - (H0),. Since these ions are typically weakly
bound,? photodissociation by visible sunlight is poten-
tially important in the positive ion chemistry, [n addi-
ticn, photodissociation studies of ions can provide
structural and energetic information on the molecular
electronic states,’ hence aiding our understanding of
such ionic environments as gas discharges and lasers,
We report here photodissociation cross sections, gen-
erally between 5300 and 6700 A, Ior the following pos-
itive ions: NONO°®, 00,CO;, O;, O;‘ HO, and COj.
We have also determined upper limits for the photodis-
suciation cross sections of NO* - CO,, NO* - N;O,

NO®  H,0, NO*- N,, and the hydrates of H ", In ad-
dition, we have investigated the effects of diffusion and
of equilibrium reactions on the measurement of photo-
destruction cross sections using drift tube techniques,
and have developed a kinetic model for assisting in the
interpretation of data obtained when these effects are
important.

1l. EXPERIMENTAL PROCEDURE

The drift tube mass spectrometer and tunable dye
laser apparatus used in these experiments has been de-
scribed in detail previously.* Ions are formed by elec-
tron impact ionization of various gas mixtures in the
source region, and by subsequent ion-molecule reac-
tions. The mixtures and pressures (0.05-0. 4 Torr)
used are given in Table I for the various ions gtudied.
The ratio of the weak applied electric field (which
causes the ions to drift along the tube) to the gas den-
sity E/N is chosen so that the thermal velocity of the
iuns is much greater than the drift velocity. A typical
E/N ol 10Td (107** Vcm® coupled with 2 long drift dis-
tance {20 cm) insures many thermalizing collisions be-

*"This rescarch was supported by the U, S, Army Research
Uftice,

3818 The Journal of Chemical Physics, Vol €7. No. 8, 15 October 1977

fore the ions reach the laser interaction region, In
most cases the de-excitation of ions waa investigated

by varying the pressure, drift distance, and E/N. How-
ever, when new ions are being formed all along the
drift tube, even after equilibrium is established, some
vibrationally excited ions may be present in the laser
region.

The drifting ions intersect the 2 mm diameter dye
laser beam, which is perpendicular to the drift field,
and then drift approximately 1 mm to an extraction
aperture at the end of the drift region. The ions exit
the drift region into a high vacuum region wherg they
are mass selected by a quadrupole and detected indi-
vidually by an electron multiplier., The laser 18 a jet
stream dye laser, and {8 pumped by a chopped 16 W
argon lon laser beam, Photon absorption by the lons
takes place inside the dye laser cavity. The dyes so-.
dium fluorescein (5300~5700 A), rhodamine 6G
(5700-6300 A}, and rhodamine B (6000-6700 A) were
used,

The absolute photodissociation cross section o at
wavelength X is given by

(M) = G In(l,/D/te (M), (n

where [,/] is the ratio of ion intensities laser off/laser
on, ¢ is the average time for an lon to traverse the laser
beam, & is the photon flux, and G, a dimensionless
number of order unity, takes into account the overlap
of the laser beam with the fon swarm. It is difficuit to
determine this geometrical factor (G accurately. Un-
certainties In the laser beam diameter and spatial dis-
tribution make it advantageous to normalize the results
to the known O~ and/or O3 photodetachment cross sec-
tions.® The normalization method effectively deter-
mines an experimental value for G. This previously
described procedure® requires measurement of the

O” or O3 photodetachment cross section before or after
each experiment, and a knowledge of the relative mo-
bilities of the lons which determine the relative values
of £ in Eq. (11). The absolute uncertainty in a cross
section derived fron: this procedure is roughly 20

Copyright © 1977 American Institute of Physics
A-1



Smith, Cosby, and Moseley: Photodissociation of positive ions, | 3819
TANLE 1, Experimental conditions,
Drift
distance  K/N

No.  fon Gas P(Torr) (cm) (Td) x,(cm?/Ve)  Normalized oy maelcmi/V 9)
] 0] o, 0,250 1o 5 2,040 0f in O, 2160

2 NONO* NO 0,200 30 10 1,78 03 in NO 2,03

3 NONO* 2,500y In N;O 0,400 30 varied  1.45° 03 In NyO 1.52*

4 NONO* 10% NO in Ar 0.200 30 10 2,2¢ 03 1n O, 2,16

5 CO,CO; CO, 0,050 30 10 1,22¢ COj In COy 1.3

6 NO* - (H,0),, CO; <1% NO,H,0 0,400 30 10 1.37,1.28¢  CO; In CO, 1.3*

w=-1,2
7 03+11,0 Op, <0,2¢ 1,0 0,400 30 10 2,1 0} In O, 2,1t
8 co; 3% Oy In CO, 0,400 30 10 1,28° 03 in O, 2,160
0,, CO, 50% 0.250 20 10 1. 64! 03 in O, 2,16°
9 NO** N, N,, <0,5% NO 0,400 20 10 2,3¢ NONO® In N0 2,3¢
10 NO*+CO, CO,, <10% NO 0.250 20 10 1.25¢ COj in CO, 1.3*
11 NO' - N,0 N;0 0,400 20 varied  1,25¢ 0; In N,O 1.52°
12 Hy0° - (i1,0), 0y, <17 H,0 0.200 20 10 2,83,2,36, OjinO; 2,16
n=0,1,2 2,220

*Reference 10,

PMeasured,

“Scaled from O; in Ar,

“caled from COj in CO;,

*seiled from O; and Of in O,,

Blanc’s law average (see Ref. 8) of CO{ in CO, and COj in O,,

plus the statistical error associated with the positive
fon photodissociation measurement. This statistical
error, the precision of the measurements, is indic-
ative of the relative error versus wavelength, and is
glven by the error bars in the figures,

The mobilities used in these normalizations are listed
in Table I, along with the exnerimental corditions em-
ployed in this study. Many ot the required niobilities
cannot be easily measured due to rapid reactions involv-
ing ions of interest in the particular gas. In such
vases mobllities were estimated using previously mea-
sured values for other lons, and scaling them by the
square root of the reduced mass of the lon and the gas
molecule, using the Langevin theory,® This procedure
is generally accurate to within 103, except for cases
where resonant charge exchange is important, The
mobilities used, and how they were determined, are
given in Table I,

Several of the positive lons studied here are distin-
guished by the rapidity of the ton-molecule reactions
producing them in the drift tube, or by unusually large
(> 10" em® photodissociation cross sections, Each of
these characteristics requires special consideration
when establishing accurate cross section {n our ap-
paratus, Sometimen a rapid equilibrium exists between
the fon of interest and another lon with a Inrge photo-
dissocintion croas section, Photodissociation of this
sccond ton can lead to the apparent photudissociation ot
the {irst ton ns the lona re-establish equilibrium, Al-
thuugh this effect can be detected and often reduced by
changing the drift tube conditions, elimination of the in-

"Value for N{ in N, Ref, 10 (also value for scaling from CO}
in Ny),

"Scaled from values In Ny; 1, Dotan, D. Albritten, W, Lin-
dinger, and M. Pahl, J, Chem, Phys, 65, 5028 (1976).

'Scaled from NONO® mobility in NO (Ref. 10),

terfering ion often terminates the production of the de-
sired ion, since the two are closely coupled. While we
have constructed a procedure (described below) for ob-
taining photodissoclation cross sections even when such
equilibrium reactions are important, the resulting
cross sections are usually less precise. In general,
thia effect is important whenever the reaction rate is
comparable to the reciprocal of the drift time through
the laser beam, and the concentration of the dissoctat-
ing fon is more than 10'% that of the ion of interest,

A second effect, to be discussed in detail in the next
gection, concerns diffusion, Since the fun swarm is
larger than the laser beam diameter, ions can diffuse
back into the interaction region during the short time
between the laser interaction and extraction, and re-
place some of the photodissociated ions, For fixed
conditions of laser interaction volume, E N, pressure,
and drift distance after interaction, a tixed traction of
the {ons outside the interaction volume will diffuse into
it, and vice versa, This eflect is included in the geo-
metrical factor ¢ used in the calculation of the cross
sections, If the fraction of long photodissociated is
linear with photon intensity [which ia essentially true
for dissoclation (ractiona (4,-/1, leaa than 0. 1] for
hoth the lon under investigation and the ton to which the
cross section ia to be normalized, the normallzation
procedure will correct for thia effect, since the ratio
of the apread of an lon awarm to the deift distance ia
independent of the diffusion coefticient and mobility at
low K/N.* lowever, fur larger dissociation fractiona
the ratio of the number of fona diffusing into the inter-
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FIG, 1. Cross section for O] photodissociation from 5750 to 6700 LS comparing the present results (cireles) to those from Rel.

8 (squares), Duars Indicate the relative uncertainty,

action region to the number of ions diffusing out is no
longer linear with photon intensity. This effect can pro-
duce an apparent dependence of the photodissociation
cross section on laser intensity even though all disso-
ctations occur via single photon ahsorptions., In our
previous work we have always been able to work at low
enough photon intensity to avold this situation, How-
ever, two of the ions under study here NONO® and
C0,(0; have exceptionally large photodissociation cross
sections, and thus force a more detailed consideration
of diffusion effects,

The nexi section discusses the photodissociation of
the dimer ions O, NONO®, and C0,C03, including this
diffusion effect, Section 1V considers the hydrates of
O: and NO*, and the effects of equilibria in the drift
tube. Section V describes results on CO;, while Sec. VI
discusses other NO* cluster ions. Finally, upper limits
on the hydronium ion HyO® - (Hy0),.,,1,; photodissocliation
cross sections are determined in See. VIIL.

1. DIMER IONS OF OXYGEN, NITRIC OXIDE, AND
CARBON DIOXIDE

The O} cross section was measured at 25 A intervals
between 5750 and 6700 A to a precision (relative accu-
racy)ol 7%. The lons are formed from O} by the three-
body reaction

03+20,=03+ 0, (2)

with a reported rate constant? k=2.5x10"% cm® /s, The
experimental conditions and mobilities used are listed

in line 1 of Table I. Our measurements of the photo-
dissociation cross section of O] are given by tHe circles
in Fig. 1, and show a smooth decrease with wavelength.
The photodissociation of O has also been measured at
24 ion and dye laser wavelengths by Beyer and
Vanderhoff.* Half of these measurements, which carry
a precision of about 25%, are in our present wavelength
range and are given by the squares in Fig. 1. There

ia excellent agreement between our results and the data
of Ref. 8, except at 6471 A. This discrepancy is not
attributable to diffusion effects in our study, because
the fraction of photodissociation was always below 0. 15,
Thus, only a very weak power dependence of the mea-
sured apparent photodissociation cross section was oh-
served, and all reported results are extrapolations tu
low power. Our long wavelength results are more con-
sistent with the shorter wavelength trend observed in
both studies.® There is no statistically significant
structure observed in the cross section, and O; is the
only energetically allowed product at theae wavelengths,
No pressure dependence of the cross section was ob-
served below 250 u, this indicating that Reaction (2!
does not perturb the measurement,

Photodlasociation of NONO* was measured in NO (line
2, Table 1), in a mixture of 2, 5% O, in NO (line 3), and
in a mixture of 10'%k NO in Ar (line 4). For the condi-
tions of lines 2 and 4 a three-body reaction produces
NONO* from NO:

NO*+ NO+ M= NONO*+ M, (L))

J. Chem. Phys, Val, 87, No. B, 18 October 1877
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FIG. 2. The diffusion model for NONO* photodissociation, (a)
Percentage of NONO' destroyed as a function of laser power

at 5900 A, and the resulting apparent photodissociation cross
section, The points a and @ Indicate the experimental data,
The solid line is the predicted destruction using the diffusjon
model, with k;=9000 s*'. The dashed line and @ represent the
power variation in the apparent NONO® photodissoclation cross
section, (b) Data and model calculation for the variation of the
apparent NONQ* cross section with E/N,

with a rate constant® k = 5% 10"® cm®/s (M= NO). Care
was taken to minimize the amount of water, and hence
NO* - H,0, in the system since an equilibrium of this
ion with NONO® in NO can lower the apparent photodis-
sociation, This effect is discussed in detail in the next
section. Figure 2 shows the variation of the apparent
NONO* photodissociation cross section with laser power
and with E/N at 5000 A. The measurements are inde-
pendent of the drift distance and do not vary with the
fraction of NO diluted in Ar or O;, Thus, this depen-
dence of the apparent photodissociation cross section
on laser power and on time spent by the iona traversing
the laser beam (E/N) indicates an effect on the mea-
sured apparent cross section which correlates with the
fraction of dimer ions destroyed {also shown in the fig-
ure),

When a particular lon {8 "destroyed” by the laser a
concentration gradient is established within the ton
swarm, across the boundary of the laser beam. The
net flux into this region attributable to diffusion is given
by Fick’s Law:

J == DdC Jdx 0}

where C is the ion concentration, D is the diffusion co-
efficient, and x is the distance normal to the laser beam
axis, For our approximate scheme here with large dis-
sociation fractions we consider diffusion orcurring from
regions above and below the lager, with a total volume
equal to that of the laser region. Then the average dx
is on the order of the laser beam radius », and the con-
centration gradient dC/dx is proportional to (C, 45 -C)/
r=A4C/x, where C, 555 is the ion concentration in the
laser interaction region with the laser on. The flux
equals the product of the replacement ion concentration
AC times the velocity v, of the diffusing ions J == rpyaC.
Now, np=x/tp, or xkp, since the time for replacement
t, equals 1/k,, the ion replacement rate via diffusion.
Thus,

J=~=aCvp=-ACxkp (5
and
J = =DdC/dx ==DAC/x . (6)

Combining these equations ylelds kp=D/x%, Because
kp is independent of the jon concentrations, the mag-
nitude of the diffusion effect varies linearly with the
fraction of ions destroyed. The amount of photodis-
sociation, however, decreases exponentially with the
fraction of ions remaining, and thus the power d'epen-
dence arises,

The diffusion coefficient D varies as the reduced mo-
bility x, divided by the gas number density. Using
x=7r~0.1 cm (the approximate laser beam radius), and
calculating a transverse diffusion rate constant of
176 cm?/s from the mobility of NONO* in NO,!® we ob-
tain kp~ 17600 8-! for NONO* in 0.200 Torr NO. How-
ever, since x is only known approximately, this anal-
ysis only indicates what order of magnitude of rates is
reasonable in trying to fit the power dependence.

The rate equations for photodissociation and diffusive
replacement are numerically integrated over time as
the ions traverae a laser zone of 2r=0,2 cm and a final
drift zone of 0.1 cm. Note that the time integration can
be replaced by a distance integration by using the drift
velocity as derived from the mobility, Uncertainties in
the laser interaction and final drift distance dimensions
over which diffusive effects operate affect both the value
of ¥ and the limits of integration, thus contributing to
the uncertainty in the value used for k, = 5000 8!, This
fit ylelds a NONO* photodissociation cross section of
1,.8x10°!" cm® at 5000 A, The calculations ahow that
the effect of diffusion on the apparent cross section lev-
els off just below the intracavity power levela to which
we were able to descend, 1. e., when the percent de-
stroyed islessthan 10%. At very high power, deatruc-
tion of diffused ions becomes more important and the
fraction of destroyed ions becomes constant, as a steady
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TARLE II. Dimer fon cross scctions (10-19 om?),

5725 A 5900 X 6u00 X 6200 A
NONU*  17.4+2, 17.2:2, 17,5+ 2, 18,512,
C0,C03 23, +3,
o} 0.76:0,1 1,02:0,1 1,08+0,1 1,32¢0,1

state situation arises with diffusion in the final 0,1 cm
drift region becoming rate determining. At the highest
powers this simple model no longer provides a reliable
estimate of the true cross section,

If the diffusion and dissociation rates are increased
by 35%. to 12000 and 13000 s°', respectively, the model
predicts 68% of the NONO*® ions will be destroyed by
76 W laser power. This clearly does not match the ob-
served 74%, and so can provide an estimate of the un-
certainty in this method of extrapolating the cross sec-
tion measurements to low power. These higher rates
lead to a photodissociation cross section which is 10%
higher than that of the better fit shown in Fig. 2.
Therefore, 107 is an estimate of the uncertainty In our
reported NOMNO® cross sections due to the use of this
approximate model.

The effects'! of the three-body reaction (3) are too
small to account for the observed power dependence,
This is particularly apparent from our observations of
large laser power eifects on the apparent cross sections
when less NO (line 4, Table I) or no NO (line 3) was
used in the drift tube. Even for 0,20 Torr NO the
pseudo-first order rate constant for production of NONO*
fromNO’, k' =k,[NOP, is 250 s, Sincethe experimental
concentrations of NO* and NONO* are nearly equal, this
is far short of the roughly 9000 s*' required to fit the
power dependence data,

The effect of diffusion on the apparent photodissocia-
tion cross section with tncreasing E/N s also shown
in Fig. 2. Higher drift velocity and hence shorter in-
teraction time decreases the fraction of ions dissociat-
ed, while the shorter drift time after the laser de-
creases the effect of diffusion. The net effect is an in-
crease in the apparent cross section with Increasing
E/N, toward the true photodissoclation cross section.
Note that this variation of E/N was carried out at low
values of E/N so that the drift velocity was always much
less than thermal velocity. This tends to prevent ex-
tensive vibrational excitation of the ions which could f-
fect the cross section,

The results of this study at 5900 A were applied to ad-
Just a set of data at 5700-6200 A for the effects of dif-
fusion un the NONO® croas section, Conditions for this
experiment, in 10'vx NO/80t Ar, are given in line 4 of
Table I. The results shown in Table II indieate a near-
ly constant cross section of 1,810, 2x 10! em® over
this range of wavelengths, A lcss detailed study yields
A4 cruss section of at least 1, 4x 10°!7 em® at 8300 A.
NO® was the photofragment vhscrved at these wave-
lengths, The normalization (geometric) factor G in
these measurements was esscntinlly Invariant over the

Smith, Cosby, and Moseley: Photodissociation of positive lons, |

range of wavelengths reported, thus justifying our use
of only one model diffusion coefficient. Nevertheless,

a signiticant degree of uncertainty is introduced into
these data by the approximate nature of our correction
process, Further measurements of this cross section
which incorporate much lower laser powers or detailed
power dependence studies at each wavelength are there-
fore indicated, A lower power study is unfortunately
complicated by the necessity of normalizing to the much
smaller O" or O cross sections.

Vanderhoff'" has reported obaerving a cross section
of 2% 10°'" cm® for NONO® at 6764 A, decreasing to
3% 10"'* cm? at 4131 A. This long wavelength value is
consistent with the results of this study. Burke and
Wayne'? have also measured the cross sections for
NONO* and O} at shorter wavelengths,

The photodissociation of CO,CO; was also briefly ex-
amined, Formation is due to 2 three-body reaction

CO; + 200, ~ CO,00; + COy, n

with a rate constant' k= 3,3% 10" cm%/s. Photodis-
sociation of this ion to produce CO; was observed with
a large crosa section throughout the 5300~-6300 A wave-
length range. In order to minimize recombination of
the CO; photofragments in the laser interaction region
and to {acilitate normalization to the COj cross section®
relatively low pressures were maintained in the drift
tube (line 5, Table I', Since the diffusion coefficient
varies inversely with pressure, this choice of conditions
results in a power dependence in the apparent CO,CO;
cross section which is even stronger than that chserved
for NONO*. Our model fitting of this dependence al
5900 A results in a photodiasociation cross seclion of
2.3% 1077 em?,

Estimates of the cross section at 5300 and 6300 A of
2% 10"'" and 4% 10°'" cm?, respectively, were obtained
by employing the model with the same diffusion coeffi-
cient used at 5900 A and neglecting possible variations
in the geometric factor G with wavelength. Changes in
G may reflect changes in the distance x and thus the
diffusion rate k,, These resulls are leas certaln than
those obtained for the other dimer ions, and further
studies of this cross section at higher drift tube total
pressures and lower laser powers are planned, The
C0,C0; photodissociation cross section haa been mea~
suredby Vestaland Mauclaire.!* In their tandem quad-
rupole mass spectrometer the iuns traversed the laser
interaction region at relatively high energy (20 eV), so
diffusion effects were negligible. Thelr measurements
are in agreement with the cross sections obtained in the
present work,

The dimer lons may be pictured ag pgeuvdohomonuclean
diatomics, with the charge cqually shared botween frags
ments, A “gerade” bound atate and an “ungerade® e
pulsivo cxcited state will be formed which are coupled
by an optical transition, so the large structurcicss
eroas sections abserved for these tons are nt surpris.
ing.,  Sindlar behavior has been vbaerved lu the rare
gas dimer fons' Arj, Kr}, and Xej, and tn N ¥

J. Chem, Phys., Vol. 67, No 8, 15 October 1027
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IV. HYDRATES OF OXYGEN AND NITRIC OXIDE
CATIONS

The photodissociation cross section of O; * H,0 has
been measured over the wavelength range 5750-6300 A.
Under the conditions employed In the drift tube (line 7,
Table D this ion is produced predominately from the re-
action of O with H,0. As shown by the data labeled
“maximum values” in Fig. 3 the apparent cross section
decreases from 7. 1x 107'? cm?® at 5750 A to 2.0x 10°1
em?® at 8300 A, Over this same wavelength regton, how-
ever, the photodissociation cross sectlon of Of increas-
es from 8x10°'% to 1, 5% 10°'"* cm®, Possible coupling
of the photoloss of these two species through the equi-
tibrium reactlons

0+ 1,020} H,0+ 0y, (@

with rate constant!” ks 1, 5% 107 em?; s must therefore
be considered in determining the photodissociation
cruss section of O; * HO at these wavelengths, Since
the drift conditions (line 7, Table ) insure the estab-
lishment of equilibrium, &k, can always be calculated
{frum the measured lon intensities and the water coun-
centration. Here, k, i 1.0%x 10°' cm?’s. Glven the
known forward rate constant,® and using the water con-
centration in the drift tube of 2x 10°* Torr as measured
by o residual gas analyzer attached to the apparatus,
the calculated mean lifetime of Of is 60 u3. From the
known drift velocity of O} this corresponds to a mean
drift distance of 0,3 cm. Thus, the drift distance from
source to detector of 30 cm 18 sufficient to ensure eca-
tablishment of an equilibrium botween dimer and hy~
drate, The hydrate concentration is obscrved to be
comparable to that of the dimer in the dri{t tube, thus

5000

indicating its lifetime 18 roughly the same aa that of O},
Since the drift distance between the first contact with
the laser beam and the extraction aperture is 0.2-0.3
cm, the equilibrium perturbed by the O] photodissocia-
tion will at least partially reassert itself prior to the
extraction aperture, and some loss of O; * H,0 will be
caused by the photodissociation of its parent O},

The extent of this effect I8 uncertain, given cur tm-
preciase knowledge of the reaction rates, ion detection
efficiencies, laser region geometry, and water concen-
tration. However, even with these uncertainties accu=
rate limits on this effect can be established. The hy-
drate loas from this source can never exceod the O}
cross section, A lower water concentration slows the
reaction of OF but nut O3 * ;0. Since the hydrate equi-
librium concentration also decreases, there is nu net
effect on the time required tu re-eatalliah equillbrium,
Only the oxygen preasure has a larpe effect on the ex-
tent of coupling between the luns,

The largeat possible OF contribution to the apparent
hydrate photadissociation vccurs at 6300 A, where the
O} croas section is the largest, The elfect will be lesa
at shorter wavelengtha because the Of crosa section de-
creases, Since the apparent O} - 1,0 cruss asciion be-
ging to increase, real pholodissuciation must be occurs
ring at wavelengtha below 8300 A,

The maximum OF * HO croas sections are the values
measured direclly, The minimum cross asctions can
be calculated by assuming the entire 6300 A apparent
photodeatruction is atiributable to the O equilibrium,
One can then conatruct a simple kinetle model tor the
0.2 cm laser aune and the 0, 1 em tinal deitt sone which

J. Chem, Phys, Vol 87, No. 8, 18 Octaber 1977
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'PAPLE 111, NO* oluster lon cross scction upper limits (1078
cem’),

5500 A 5500 A 0200 A
NO*+ 11,0 «0,03 0,018 *0,0004
NO* 21,0 <0,005 <0,014 <0,0088
NO®* Ny «0,40 ‘e e
NO*-CO, <0,09 o
NO'«N;0 s 0,20 “ee

incorporates the exchange and photodissociation rates.
Then the rate equation for O}, for example, i8

d"’“ﬁ . - Ployl - k1031101 1,105 - Ol ], ()

where P In(l,’1}/! is the rate constant for photodiaso-
clation, which depends on laser power, the cross sec-
tion, and geometrical factors,

To obtain the minimum Of - HO cross sections P for
O} is chusen to ublain the observed photodissoctation
percentage for that fon, and the water concentration in
the calculation is varied untll the entire ap arent
0} ' H;0 photodissociation at 8300 A is accounted for by
reaction. This fixed the water pressure for the model
at 1% 10°! Torr. Then at other wavelengths P for O¢ is
proportionately decreased by the measured decrease In
the O} cross section, and P for the hydrate increased
until the observed apparent hydrate photodestruction at
the new wavelength is matched by the model, The ratio
of P values is the ratio of cross sections, and thus the
minimum values for the hydrate cross section are es-
tahlished,

The limits on the O3 * H;O photedissaciation cross sec-
tlons resulting from these considerations are plotted in
Flg. 3, The data labeled maximum values in this fig-
ure refer to our uncorrected cross sertion measure-
ments, while the data labeled minimum values have
been carrected for the equilibrium with O, as discussed
above, A probable threshold near A200 A i indicated.
The data ot Rel. ® at Jonger waveleniths indicates a
larger cruss sectiun than our maximum value, This
may result from a larger, uncorrected equilibration
with O}, causcd by different geometrical [actors, Nute,
for example, that thelr crosa mections varied with the
positioning of the laser relative to the extraction aper-
ture.® The larger values measured by Rof, 8 at sahorter
wavelengthy, however, ahinuld be relatively unaflected
by theme reaction eflocts,

the O 1LO ton s an important ion in the D region
of the lonuaphere,' and it confirmed photodissociation
should be conaidered in the chemistry of thia region,
The exiatence in the visible uf a structureless dissocla-
tive state for the weakly bound Of © HO ton suggests &
low-lylng unbound charge transfer state Oy * 11,0°, pro-
vided the ground state configuration can be viowed as
0} 1,0, An Doyer and Vanderhoff point out® the fallure
to ubaerve the 1,0° photofragment doeu not rule out thia
hypothests, since fant charge transier (o O, la expocted
undor our oxperimental comditions,

Smith, Cosby, and Moseley: Photodissociation of positive ions. |

The tons NO* * H,O and NO* * 2H;0 were formed in 0. 48
Torr CO, with less than 1% each NO and H,O (line 8,
Table I). The ions are initially produced {rom NO° by
{ast three-body reactiona

NO* + Hy0 + COp= NO* - H,0 + COy, (10
NO* - H,0+ H,0+ CO;~ NO* * 2H,0+ Cuj. (i

The rate constants for these reactions, which have been
measured® for the case of N, as the third body, are ap-
proximately 1,6 and 11x 10~ ¢m®/s, respectively.
Neither ion was cbaerved to dissoclate between 5300 and
6200 A, and limits on the cross sections, generally in
the 10°®° cm? range, are given in Table I1I. Measure-
ments in large partial pressures of NO were purposely
avoided, since the equilibrium reactions

NONO*+ H0= NO** H0+NO,

with rate constanta® k, = 1,4x 10" cm’/s and &, : 9.0

% 10°'* ¢cm?*/s would effectively cause some of the NONO®
photodissociation to appear as a reduction in the amount
of NO* - H,O when the laser is on. A previous upper
limit of 10-** cm? for NO* - H,O at 6471 A has been re-
ported. !

a2

V. cOo;
This ion was formed in 57 0,/95'1 CO, (line 8, Table D
by the three-body reaction"

03 +2C0; = CO}+ 0y . s

The photodissoclation cross section of CO} has been
measured at 25 A intervals between 5300 and 6200 A,
Our results are given by the solid points in Fig. 4 and
clearly show a lack of structure In the cross section,
Photodissociation cross sections for COQ have been re-
ported by Beyer nnd Vanderhoff,® and thelr data, shown
us the open circles in Fig, 4, are in excellent agree-
ment with the present results. Above 3800 A the ap-
parent croas sectlon increased with the addition uf more
O, to the mixture, Thia is likely the effect of an in-
creased amuvunt of OF, whose photodissociation becomes
equilibrated with CO;, presumably via the reactions

COL+ 0,201+ 0Oy Qe

The measurementa preaented in Fig, 4 clearly shuw a
threshold near 6200 A, 30 such an equilibrium can have
no significant effect on the much larger values recorded
below 6000 A, Reaction (14) \a preawmably the majer
€0} production mechaniam,

Here CO; ie the major photofragment ion, implying an
eloctronic atructure analogous to that propaaed for the
hydrate Of * 1,0, These reaulta sugpeat the geound
alate la a clustor iun beal deacribed by O} * 0Oy, witN
an unbound, exclted, charge-tranafer state O, * COy.
Excitation of (hia dissociative atate ia preaumably \he
abaorved procesa,

An upper imit to the O} * €O, hand energy can be des
rived fram theae measurementa, ag previcusly aved tn
Ref, 8, The threahold appears (0 be cloae (o 3,00 V'
(6200 A\, The vlmerved COJ prowiuct chARREl, hwever,
excendn the luweal thermudynamie one by the difterence
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between CO; and O, ionization potentials of 1.71 eV.
The remitining 0.30 eV is then un upper bound on
Dg(03 * COy). Note, however, that an uncertainty of

~ 100 A in the true position of the threshold for thermal
fons introduces an uncertainty of 0. 03 eV in this esti-
mate. The estimate also implicity assumes the CO;
product channel observed at 5800 A is the relevent one
in the region of the threshold.

VI, NO* CLUSTER IONS WITH N,, N,0, AND CO,

Several attempts were made to measure the NO* ' N,
photodissociation cross section, This fon is very weak:-
ly bound and difficult to make at 300 K, since a variety
of three-body NO® reactions and bimolecular exchange
reactions' occur, Including Reaction (3) and '&®

NO'+ 2N;= NO' * Ny o Ny (k42X 10" em®'s),  (182)

Ni+2Ny= N3e Ny (k= B8x10°8 cm® o, (18h)
and alsa

NO' ' Ny« Ny=N§+ NO {15¢}
and

NO' ' Ny+ NOZNONO®+ Ny, (15d)

In Ny (line 9, Table D with less thin 0, 87 NO the appar-
ent NO** Ny photodestruction cruss section at 3400 A
virrled with NO pressure in 4 wity consiatent with an
cquilibrium between NONO® and NO** N, Attempta to
derrevane the NONO* offecta by tlowering NO below 0, 1%
oty decrease the already small nmount of NO* © Ny pres-
et and Ineredse the poasibility of equilibrium effects
VIR NS which aleo dissnciates'® o \a present in sige
nifleant quantities,  (The abundunce af the masae 3 jon
relative to that of N} 18 much too farge (o be identitied

5500

as "N;N{.) Our results set an upper limit on the photo-
dissociation of NO* * N, of 4x 10°'* cm? at 3400 A. The
actual cross section may well be zero, in view uof the
equilibrium fit with NONO* and the failure of other
mixed NO* clusters to photodissociate,

The validity of the equilibrium model Is {1lustrated by
the results for NO*: C0;. In these experiments (lne
10, Table D the fraction of NO {n CO; was varied from
10% t0 0.01%. The apparent cross sections at 5300 A
nreushown in Fig. 8. The relevant exchanyge reactions
are

NONO*+ CO, ZNO* * C0; + NO (£,~ 10" cm® '8) (16)
and
C€0,C0; + NORNO* * U0y + €0y an

The effect of Reaction (17 s negligible tor NO concene
trations above 0, 1'f, while the etfect of Reaction (18) is
negligible for the 0,011 NO mixture, Dy measuring the
ratin of ion intennitiea NO* * CO, 'NONO® at varivua NO
concentrations {t was confirmed that equilibrium exists,
with an cquilibrium conatant Ay~ 2% 10, Chocaing A
model forward vale constant of 10°" cm® ‘sec for Res
action (16) the 0, 1~ 107 NO data can he fit an alwwm tn
Fig, 8, A constant model photodissociation rate was
used for NONO®, and NO** €O, was assunved not tw
photodissociate,  The meaaured equilibrium was veed to
Wve K yqs 3X100% cm¥ 0, The ratio uf the NO** €O
NONQ® apparent ¢roas aectiong dues i vary tnum
8300-0000 A, This ia consiatent with & 3€T0 COVER e
U oF A canatant, small croas asction for NO* - €0,

I the cruas aection I8 nonzers, (L will be ditticalt
determine accurately amidat the large reactive transter

J Chomy Phya, Vod 67 No 8 V8 Ocicher \OD?
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FIG. 5. Fffcet of the NO molc fraction on the apparent

N0+ CO, photodiasuciation at 5500 A, The model prediotion

{wolid lne) conalders the effects of NONO® and CO,CO; photo=

ilsgociation on this obgerved loas (data pointy), via the equilih-

rium reactions (14) and (17),

of NONO* photodiasociation, due to experimental uncer-
tainties,

An upper limit on the cross section {or NO* * CO, may
be dertved by the model from the 0,01t NO results,
The apparent photodestruction can be attributed either
to the Reaction (17} equilibrium with n model forward
rate constant of 10°"" em?/s or a true photodissociation
cross section of 6x 10~ cm®, This is an upper limit,
therefore, on the NO* ' CO; photodissociation eross saoc-
tion at 8300 A, although it ta tHkoly much amatler
throughout the 8300-8650 A range,

Recuuse coplous quantities of NO® and litile NO*: CO,
are present at 0,01'% NO, effocts of the three-body re-
action

NO' 1 2COy = NO** €Oy ¢ COp (ku 2,45 10 cm?/8) (18)

munt he investignied hore, Thia roaction, with the re-
vorse of Reaction (17, prohably accounts for the tulk
of NO' ' €O, und CO,CO; production, Those NO** €O,
fons furmed in the poatinaer region ure not avbject ta
photodissocintion, and thus artificiatly decrease the ohe
served crose section, In adding this process to our kie
netie acheme und numerically tnteprating, the maximum

Smith, Cosby, and Moseley: Photodissociation of positive ions, |

effect is to increase the cross section limit to 9> 1072
em?,

Reactive effects also dominate attempts to measure
the NO* « N,O cross section in 0,40 Torr N,O (line 11,
Table 1) at 8780 A. The apparent photodestruction of
NO* ' N;O increases with decreasing E/N, when the ions
have a longer time (o equilibrate with the photodissociat-
ing NONO®, which is present in larger quantities. The
relevant reactions appear to be

NONO'+ N,O= NO* - N;0+NO, (19)

NO** N;0+ N0~ NONO*+ NO + Ny, (20)
Since we are attempting to (it an E/N dependence, dif-
fusion effects must be considered, as must the three-
body reaction
NO*+ 2N;0 = NO** N,O + N,O, (2n

One effect of diffusion, as previously illustrated, is
to cause the apparent NONO® cross section to vary with
E/N (drift time). To accommodate this properly the
model NONO® photodiasociation rate was permiited to
vary with E/N in a linear fashion as shown in Fig. 2,
to fit the observed losa. Constant valuea were chosen
for kyy and for the NO* + N;O photodissociation crosa
section, to obtain the beat fit of data at all E/N. Once
again equilibrium was assumed between the two ions to
calculate kg, The NO*: N,O cross section is the ratio
of model ion photodiasociation rates times the cbserved
NONO® cross section, The k4 and 0(NO* - N,0), derived
from the fit of the model to the data and applicable at
both 5730 and 5000 A, are 3.5%10°" cm'/s and
2.0% 10°' cm?, respectively. The data and (it are
shown in Fig, 6.

The rate constant of Reaction (21) is unknown, but its
qualitative effect can be estimated, lons are slowest
at 5 Td, and a great fraction of the NO* * N,O long is
created by Reaction (21) In the postlaser reglon, lead-
ing to an underest!mated cross sectlon, When correct-
vd for this effect of Reaction (211 the E/N data la even
more nonlinear. A proper fit now requires an increase
in the equilibratlon rate conatanl &y, and a decreaae in
the model NO* * NJO photodestruction cross aectivn,
Furthermore, it is poasible that more complicated dif-
fusion effecta introduce added uncertainty inta the 3 Td
results, 1t la then poasible to fit the remaining data
with a larger ki and nu NO* * N;O photodisaociation,
Thua, the value of 2,0%10°'* em® is an upper Umit to
the true NO** N,O croas soction, which may be veta at
these wavelengths,

Nute that in contraast to the asymmetric OF cluster tons
those of NO* do not have appreciable croas sectlons at
the wavelengihs atudied here, Thia sugpeata the trane
sitionton repuinive charge-tranater atate (e g,
11,0° * NO) lies at higher energies due to the much lower
NO fonisation potential, One would not exprect the well
depth of the hound atate or the ateepness and nature of
the repulaive atate to hie very different tram the asym-
metrie O cluster lona,

J Chem Phyt Vol 87, Na A, 18 October 1977
A9



Smith, Cosby, and Moseley: Photodissociation of positive jons. | 3827

i T I 1

10 - 59001 NO* N0 + ho —

5750\

PERCENT DESTROYED
-

0! H 1 ] 1
0 5 10 15 20
EN
FIG, 6, Variation of the apparent NO'*N,O photodissoctation
as a function of E/N at two wavelengths, The model fits shown
by the solid lines illustrate the effect of NONO* photodissocia~
tion through Reactions (19} and (20},

Vil. HYDRONIUM IONS

The water based ions H;0* - (H;0), are among the most
abundant of the D region cluster ions.! Good ef al,®
have outlined the complicated reaction mechanism for
production of these ions. The photodissociation cross
sections for the first three ions of the series have been
measured in this study between 5300 and 6200 A. No
statistically significant photodissociation was observed,
but upper linuts were set ou the cross sections, and
are given in Table IV, These limits are generally an
order of magnitude below those set by Henderson and
Schmeltekopt, 2 and are also beluw the limits set by
Beyer and Vanderhoff® to the red and blue of our wave-
length region. With the driit tube operated with less
than 17 water in O, (line 12, Table D) littie H0" - {H,0),
was observed, Thus, the cruss sectiva limits are not
underestimated due to possible photofragments {rom
higher hydrates.

Viil. SUMMARY

Our measurements on the photodigsociation cross sec-
tions for the tons O}, C0,C0O;, NONO®, O, H,0, CO;
NO*- H0, NO'" N, NO'' N;O. NO*' CO,, H O,

HO* - H0, and HO' " (H;0), are summarized in Figs, 1
3. and 4 andin Tables 1I=-1V. The dimer 1ons have large
cruss sections, the asymmetric Oy clusters have thresh-
olds near 6200 A, and the hyd.onium ion and asym-
metric NO* clusters do not appear te photodissoctate.
These fons generally exhibit the photadissociation char-
acteristics of psevdodiatomics, In contrast to (33 the

TABLE 1V, Hydrate cross section upper limits (10°*3 em?,

H;0° - (H;0),
n= 0 1 2
5300 A 0,027 <0.027 =<0,063
5500 & =0, 047 <0,047 =0,092
5800 A <0,039 =0,032 0,054
6200 & =0,023 =0,031 0,101

upper states all appear to be repulsive, and the cross
sections show no structure, Finally, in demonstrating
the effects of diffusion and equilibria this work has
shown the importance of examining the chemistry of the
experimental system when photodissociation measure-
ments are made in moderate gas pressures. Refine-
ments of the modeling techniques used here could re-
sult in determinations of ion-molecule reaction rates
and equilibrium constants, particularly in cases where
an ion which is known not to photodissociate is in equi-
librium with an ion undergoing photodissociation.
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APPENDIX B

Laser-ion coaxial beams spectrometer
B. A. Huber,” T. M. Miller, P. C. Cosby, H. D. Zeman,” R. L. Leon, J. T. Moseley, and

J. R. Peterson

Molecular Physics Center. SRI International, Menlo Park, California 94025

{Recerved 7 June 1977; in final form, 30 June 1977)

An apparatus has been constructed to provide laser excitation of ion beams in both coaxial
and crossed configurations. The coaxial geometry provides very high sensitivity and nearly
Doppler-free wavelength resolution for spectroscopic mcasurements, and allows the use of the
Doppler shift to “tune” the wavelength. A novel transverse quadrupole electric field
arrangement is used to deflect the ion beam into and out of the laser beam axis. The ion
beam is highly collimated and a high-resolution 180" electrostatic analyzer is used for
photofragment energy anziysis. The apparatus has demonstrated a resolution of better than 10
meV for norinal photofragment spectroscopy and 0.001 meV for coaxial beams photofragment
spectroscopy using a single-mode laser. While providing these high resclutions the apparatus
has an overall sensitivity several orders of magnitude greater than conventional ones.

I. INTRODUCTION

In recent years, severul research efforts have been
initiated to study the photodissociation of molecular ions
in beams. Von Busch and Dunn' first examined the
wavelength dependence of H* production from H,*,
using an Xe arc lamp and monochromator, in a crossed-
beams arrangement. Subsequently, Ozenne, Pham, and
Durup at Orsay,? and van Asselt, Maas, and Los in
Amsterdam® measured the energy spectra of the dis-
sociation fragment ions using fixed-frequency lusersin a
crossed-beams geometry. Such photofrigment spec-
troscopy studies yield information on the potential
energy curves. on bond energies, on the population of
vibrational levels of the parent ions, and on the energy
partitioning among the dissociation fragments of poly-
atomic jons. Recently the group at Orsay* showed that
a modification of this technique. using tunable dve lasers
at wavelengths near the dissociation threshold, can be
used to obtain high-resolution spectroscopic data on
molecular ions via transitions to predissociating
states. In all of these experiments the lascr beam
intersected the ion beam orthogonally, where there
is no Doppler shift (although a Doppler spread exists
due to the angular divergence in the ion beam).

Experiments have also made use of Doppler shifts of
single-frequency laser lines to excite fast beams. In
some cases,’ laser lines have been shifted by varying
the laser-fast beam intersection angle, and in others the
Doppler frequencies were ““velocity tuned’” to the ab-
sorption frequency by varying the particle beam energy,
with the laser inclined at a smal' angle* or parallel”®
to the fast beam. These latter experiments also benefited
from a very effective narrowing of the Doppler line pro-
file that can occur in coaxial laser-fast beam arrange-
ments, as is discussed below.

We describe here an apparatus designed to accommo-
date both laser excitation and dissociation studies of
ions in both coaxial (merged beam) and crossed-beams
configurations. A novel and efficient ion beam deflec-

1306 Rev. Scl. Instrum., Vol. 48, No. 10, October 1977

tion system is used to merge the ion beam with the laser
axis in the ccaxial case. The apparatus can operate with
the ion beam vacuum chamber in the resonant cavity of
the laser for increased photon flux in both configura-
tions. The coaxial configuration offers a much longer
(10— 107 times) interaction path than the crossed-beams
arrangement; thus. the apparatus has a much greater
ultimate sensitivity than previous ion photodissociation
apparatuses. A high-resolution (AE/E =3 x 107%)
energy analyzer. used for ion photofragment energy
measurements, can provide a resolution of 10-¢ when
combined with deceleration of the ions. The apparatus is
a vensatile and sensitive tool for high-resolution photo-
fragment and optical spectroscopy studies on ion beams.

. DESCRIPTION OF THE APPARATUS

A. Basic require:nents and general description

Because, among other uses. the apparatus is intended
for photofragment energy measurements, the ion beams
must be well collimated and have low-energy spread
and yel must have sufficient intensity to perform the
desired experiments. The energy and angular resolution
required for photofragment spectroscopy can be esti-
mated as follows.

The velocity diagram in Fig. 1 defines various kine-
matic parameters in a dissociation event. If a molecule
moving with initial kinetic energy E, and speed v, in
the laboratory frame dissociates into two fragments of
mass m, and m,. with total center of mass (c.m.) kinetic
energy release W, the laboratory energy of m,. ejected
atc.m. angle ¢. or laboratory angle #. with respect to the
beam direction is

mym [ EWw '2 W
E, = —2 |2 +2 ‘ —_— ) Cosg + —
my g | om, nm, ",

To simplify matters, we consider the case of a homo-
nuclear diatomic molecule (m, = m,): then

Copyright « 1877 American Institute of Physics
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FiG. 1. Velocity diagram for a photodissociation event. # and y are
the laboratory and center-of-mass angles, respectively, for ejection of a
photofragment with respect to the laboratory velocity v,. The center-
of-mass velocities of the two photofragments are v, and v,,.

E, = YE[1 + 2AW/E)'? cosp + W/E,]. )

The term W/E, is always small (~10-?) in our experi-
ments, and we shall neglect it in determining the design
parameters ol the apparatus. Thus

E, = VE[1 + 2AW/E,)'" cose). 3)

Requirements on energy resolution of the apparatus
can be estimated by noting that for variations in Wonly,

5
&
As a typical example, let E, = 3000eV, W = 1 eV, and
¢ = 0. If the energy difference between the vibrational
levels in the parent ion is 400 cm™' (a reasonably small
value), then in order to distinguish between ions dis-
sociating from adjacent levels we must resolve AW
= (.05 eV. The ions dissociating in the forward direction
{¢ =0) would be separated by a laboratory energy
AE, =.1.4 eV at E, ~ 1555 eV, and a resolution of
AE/E ~ 1073 would be required.

The effective energy resolution is decreased as the
range of 6 near 0° accepted by the energy analyzer is
increased, allowing ions with larger values of ¢ to be
detected. To estimate the required angular collimation,

AE, = — AW =1 4

72
cosgd W.
aw ) ¢

let the laboratory energy of fragment ion A, dissociated
at ¢ = 0 and W = W,, just equal that of another ion B,
al ¢ = ¢max (the maximum ¢ allowed by collimation)
and W= W, + AW. From Eq. (3) these conditions
establish

Cmax = COSTIW/(W + AW))'2, (5)
The relationship between # and ¢ can be seen from
Fig. 1 to be

8 = tan~'[ v, sinp/(veyr + 14,C05¢)]
= tan~'[W"sing /(E,""* + WVcosy)]

= (W/Ey) 3sing. (6)
The approximation in Eq. (6) is made by dropping the
second term in the denominator because W « E,, and
by noting that 8 < 1. The required collimation, 6g,,.
can be obtained from Eq. (6) by letting ¢ = pmax Obtained
from Eq. (5). Again, for the case E, = 3000 eV, W = |
eV,and AW = 0.05 eV, we find from Eq. (5) that @m..
= 0.22 rad and 6, = 4.0 x 1073 rad. In order to
permit the actual resolution of vibrational levels sepa-
rated by 0.5 eV, we estimate the required angular
definition by letting AW’ = 0.02 eV, less than half
that of the vibrational spacing. This value sets @nay
= (.14 rad and #,,, = 2.5 X 10" rad. The resolution of
the apparatus is actually about 2 x 107 rad.

A diagram of the apparatus is shown in Fig. 2. lons are
extracted from an ion source (described below), focused,
mass selected, and enter the main collimating drift space
which is defined by two 2-mm-diam apertures A2 and
Al separated by | m. Sets of vertical and horizontal
deflection plates are placed at several appropriate posi-
tions along the beam path.

10N SOURCE  FOCUSING, ANGULAR LASER ANGULAR  PHOTOFRAGMENT ON
EXTRACTION, COLLIMATION INTERACTION RESOLUTION ENERGY RESOLUTION
MASS SELECTION AND DETECTION
—————— S
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The collimated ion beam is next deflected 90° and into
the laser beam by an electric quadrupole field whose axis
is perpendicular to the ion beam. These quadrupole de-
flectors' have exceptionally good ion optical properties
as well as a very useful physical configuration for coaxial
laser—ion beam experiments. After traversing a 50-cm
drift length, the beam (or the desired photofragment
sample) is further deflected 90°, paralle! to its original
direction, by a second electric quadrupole. The poten-
tials on the second deflector are set to direct either the
desired fragment ions or the main beam along the final
drift path. This path is 1.3 m long and collimation to
~2.5 x 107 rad is obtained from a 2-mm entrance
aperture to the deceleration lens that precedes the
energy analyzer.

After energy analysis. the ions are detected by a
Channeltron electron multiplier and the resulting pulse
signals are counted in a multichannel scaler whose
channels are advanced synchronously with the voltage in
the energy analyzer so that a spectrum of the dissocia-
tion fragment ions is stored in the scaler for eventual
readout to a CRT, recorder, or off-line computer.

The laser beam can be placed either coaxially with
the ion beam in the interaction region, or at 90°, depend-
ing on the polarization requirements, and the interac-
tion chamber can be operated intracavity with the laser.
Brewster window ports in the chamber walls minimize
the power loss.

B. lon source

For many of the anticipated photodissociation and
spectroscopic studies on molecular ions, it is important
to have an ionr source capable of operating at relatively
high pressures so that ions can be formed from three-
body reactions (for complex and rare-gas molecular
ions); also it should be possible to form ions that are not
too vibrationally or rotationally hot. For these purposes
we have chosen a cold-cathode discharge source based
on a design of Lange, Huber, and Wicsemann.'' How-
ever, we use a hollow cathode instead of their planar
geomelry, in order to achieve a quiet discharge and to
improve the lifetime of the source. The source operates
at pressures between 0.1 and | Torr. The cathode-
anode spacing can be varied and optimized for maximum
output. The ions are extracted from a 0.6-mm aperture
in the anode. The anode and extraction lens are shaped
to form a planar Pierce system to minimize spice charge
effects. For ions formed by direct electron impact (Ar*,
0,'. 0%, etc.), the extracted ion current behind the
extraction lens is in the runge of 10 <10 T A, Tons
formed from three-body or secondary reactions such ns
Ar,t may he 100 times less abundant. The width of the
kinetic energy distribution was measured to be as small
as 0.6 eV for Ar,* ions, and it was found 10 depend on
source pressure and cathode-anade potential, For ()
formed at low pressure under conditions that muximize
O, (a'11,) production, the energy spread wis found to be

-deV,
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C. lon optics

As mentioned above, the experiment requires a mass
selected ion beam with an angular divergence of about 2
mrad to obtain adequate energy resolution and a beam
diameter close to 2 or 3 mm to maximize overlap with
the laser. In order to satisfy these conditions without
large losses in beam intensity we deflect the beam
through 45° using a magnetic sector with equal en-
trance and exit angles of 14.38° (between ion beam
and the perpendicular to the pole faces). These angles
were chosen' to achieve equal focusing properties in
the bending and in the nonbending planes. Calculations
of the ion trajectories, taking into account the effect of
the extended fringing ficld, revealed a distance of 26.88
cm between the focal point and the entrance face of the
magnet for point-to-parallel focusing.

In order to obtain a well-collimated ion beam beyond
the magnet, the ion optics between the source and the
magnet were designed so that the extraction region can
be imaged at the focal point of the magnet. The ion
optics consist of two einzel lenses separated by a small
limiting aperture A1 (Fig. 2). The geometry of the einzel
lenses was chosen to minimize aberration effects; the
focusing properties were computed using standard
matrix methods.!® The first lens focuses the extracted
ion beam onto the aperture and the second lens forms
a virtual image at the focal point. The 2-mm apertures
A2 and A3} in the drift region following the magnet
finally define the ion beam with a maximum angular
divergence of 2 mrad. Using the calculated potentials
for the ei~zel lenses (optimized within 105¢) we found
4 305 loss in ion beam intensity at each of these aper-
tures, resulting in usable ion currents between 1 x 10-*
and 3 x 10 ™ A for O,* and Ar,' ions, respectively.

The primary function of the magnet is to provide mass
selection for the ion beam. The ions are deflected
through an angle of about 45°, From purely geometrical
considerations, an angular collimation of 2 x 107¥in the
beam will give a mass resolution Am/m of about 5.6
x 10-%. This is twice the observed value of about
2.8 % 107 FWHM obhtained in a Kr,* mass spectrum:
thus the effective angular collimation must actually
approach 1 x 103,

There is also an energy sclectivity associated with
the magnetic deflection of a single mass. The relative
energy selectivity AR/E should have the same value as
the observed dm/m, so would be expected to be about
3 x 10-2, This provides a predicted window of about
9-¢V FWHM at 3000 eV, which does not affect the posis
tive ion beama, whose natural energy spreads are much
less. For negative ion beams, whose energy widths may
exceed 10 ¢V, a reduction in the size of Al and Al can
be uscd w0 limit the width of the encrgies transmitted
1o the interaction region,

For those cases where o higher ion current is necided
umnd the high angular resolution is not necessuary, twoe
additiona! cinzel lenses are installed before the tirst
and after the second quadrupule deflector, Thus, a fwal
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point of the ion beam can be formed in the interaction
region between the two bending units.

D. Energy analysis

The relative energy resolution AE/E necessary for
photofragment spectroscopy is about {2-3) x 107*. In
the experiment this value is obtained by using a hemi-
spherical 180° electrostatic analyzer combined with a
deceleration system. The kinetic energy of the photo-
fragments is first reduced by a factor of 10 without large
intensity loss so that the resolution of the analyzer itself
has to be only about 2 x 10-2,

The deceleration system is formed from the first half of
a filter lens.' It consists of 13 plates with 3-mm aper-
tures, each plate separated by 3 mm. The ion kinetic
energy is reduccd in a parabolic electric field** (achieved
with a resistor divider chain) by a factor of 10, accom-
panied by ion losses of only about 3077 -60%. The exit
of the deceleration system and the entrance of the energy
analyzer are connected by an cinzel lens in order to
. collimate the slightly diverging beam into the entrance
aperture of the analyzer.

The 180° hemispherical electrostatic analyzer used for
the tinal energy analysis has a median radius of 150 mm
and a gap distance of 15 mm. The width of the two ¢lec-
trodes is 60 mm and the sides of the gap are shiclded by
two *Matsuda™™ plates,' the potential of which can be
adjusted with respect to the center potential. This type of
analyzer was chosen rather than a 127° cylindrical ana-
lyzer because of the higher energy dispersion and the
focusing properties in both planes.

The voltage U between the two electrodes and the
kinetic energy £ of the jons are related by the following
equittion®:

{/ = Ir.-(r. - ’2)5/\“"1‘ = (.’.‘.‘ ‘7‘

where r,.ry. und r, are the radii of the outer and inner
electrodes and the central trajectory, respectively. Fora
gap distance of 1S mm and r, = 1S mm, the analyzer
constiant ¢ wis calculiated to be 0,2005. This value agrees
with an experimental determination from u least-squares
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fit to the data in Fig. 3, which shows the results of an
experimental check of Eq. (7). In order to obtain the
same potential for the central trajectory as for the
entrance and exit apertures, the potentials of the inner
and outer electrodes had to be asymmetric by 50 with
respect to central potential. The optical properties of
the analyzer, the fringing field effects and the image
aberrations, which limit the resolving power, were calcu-
lated to second order using the matrices given in Ref. 16.
For entrance and exit slits of 1-mm width the calculated'®
resolution of the analyzer was 6.67 x 10-2. In the experi-
ment we measured the half-width of the primary beam
for different kinetic ion energies. The result is also
shown in Fig. 3. The linear increase at the energies of
these data is due to the finite encrgy resolution of the
analyzer; at lower energies the data would approach a
constant value of AE of about 0.6 eV, which was pre-
viously found to be characteristic of this type of ion
source. From the slope of the curve we obtain a resolu-
tion of 3.0 x 1072 Thus the overall resolution of the
detection unit with a factor of 10 deceleration is 3.0
x 10-1. Better resolution is, of course, possible if the
entrance and exit slits are narrower or if greater decelera-
tion is used. However, since the energy half-width of the
primary ion beam is about 1 eV, the present geometry is
adequate for ion transmission energies of up to 200 eV
(after deceleration).

The photofragments exiting the energy analyzer are
accelerated again to about 3 keV before entering the
Channeltron detector. The pulses are normalized in a
preamplifier and accumulated in a multichannel scaler.
The photofragment kinetic energy spectrum is obtained
by setting the hemispherical analyzer voltages for a
fixed ion transmission energy (typically 200-300eV) and
linearly varying the voltage applied to the deceleration
lens system over the desired range of photofragment
energies. The sweep of the deceleration voltage is gen-
erated by a D-A converter/high voltage op-amp
combination which is driven by the channel address of
the multichannel sculer. Thus, the spectra are obtained
with constant transmission energy and energy resolu-
tion, and nearly constant transmission efficiency. Since
the quadrupole benders are also weakly energy selective
tenergetic window 40 ¢V at 1500 ¢ V), the potentials on
the second quadrupole must also be changed propor-
tionally to the change in detected photofragment energy.
If the einzel lens E. S is used, its voltage must be scanned
in a similar manner.

E. Quadrupole beam deflectors

The deflection systems that hend the ion beam into and
out of the laser beams are electrostatic quadrupoles
oriented perpendiculurly to the bending plane, a novel
ion optical arrangement,™ which is very welt suited
for this use, It permits an ion beam to merge caanially
with  laser beam without either the use of cumbersome
magnets or the more conventionad types of electrostiatic
defection electrodes which would usaadly require some
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Fic. 4. Photofragment energy spectrum for Ar.* + hy — Ar*
+ Ar at 7525 A. The lower energy scale gives the laboratory photo-
fragment energy , which is directly measured; the upper scale gives the
total separation energy determined as discussed in the text.

form of opening to be placed in one of the electrodes
to afford passage of the laser beam at the expense of
field homogeneity. The capability of viewing the ion
beam axis before and after deflection greatly eases
alignment procedures. Moreover, the quadrupole deflec-
tors are quire achromatic, creating little distortion in the
ion beam after it has been bent through 90°. lons on
one side of the beam in the plane of deflection are
switched 10 the opposite side after passage through the
quadrupole, but the angular collimation of the beam is
essentially unchanged even for a relatively large energy
dispersion (10%). Edge effects due to fringing fields
at the entrance and exits of the quadrupoles are cor-
rected with shim electrodes as described in Ref. 10.
In tests of this apparatus with a 3-keV ion beam whose
energy spread was about i eV, essentially all of the beam
that had passed through the two collimating apertures
A2 and A3 (2-mm diam separated by | m) also passed
through a 3-mm aperture at the end of the 33-cm drift
space following the first 90° deflection.

The energy dispersion of a quadrupole deflector is
about 8577 of that of a conventional {27° energy analyzer
of equal angular aberration.' and is manifested in a dis-
placement of the ion trajectories in the bending plane,
rather than an angular dispersion, so that a long coaxial
drift path following the first deflection cun be accommo-
dated without loss of overlap of the ion beam with the
laser. The absence of angular dispersion due to the
benders also permits a high degree of angular resolution
without loss of signal at the energy analyzer and permits
a much higher resolution of the ion dissociation fragment
energy spectra than has been possible in previous
experiments,

Ax the encrgies of the fragment jons are scanned by
the 1807 energy analyzer, the potentials on the second
guadrupoles are swept so that fragment ions of the
proper energy are directed onto the center of the en-
trance aperture of the energy analvzer. The quadrupole
voltage is approximately 0.7 times the Kinetic energy
{eV of the transmitted ions. ™
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fil. PROPERTIES OF THE APPARATUS

The apparatus can accommodate laser—ion beam stud-
ies in both coaxial and 90° crossed-beams geometries.
In each case, the ion fragments ejected at angles near
@ = 0 or 180° are observed along the beam axis at the lab
angle 8, = 0 = 0.001 (A8 ~ 2 x 10-? rad). Proper ad-
Jjustment of the second quadrupole potentials is required
to assure that 8 = 0; otherwise the values of W deduced
from Eq. (2), with 8 = 0 (or m), will be incorrect (and will
always be low). This complication is a necessary by-
product of the coaxial geometry which requires deflec-
tion of the dissociated ions before they are energy
analyzed, and did not exist in earlier experiments. How-
ever, this alignment problem is easily solved and has pre-
sented no real drawback to the method.

A. Coaxial laser-ion beam configuration

The coaxial configuration permits a large interaction
volume: the laser and ion beams are merged over a 33-
cm length. Since the laser beam is usually about 2 mm in
diameter, the interaction volume is 100200 times larger
than that afforded by the conventional crossed-beams
geometry, and the resulting sensitivity of the apparatus is
similarly increased. However, since the laser polariza-
tion is always at right angles to the ion velocities, this
advantage is fully effective only for "“perpendicular’”
transitions, where the fragment ions are ejected pri-
marily perpendicularly to the laser polarization, and
thus in the direction of motion of the parent ion beam
(8 = O or =) for dissociations near the energetic threshold
(W ~ 0). or for excitations that do not result in dis-
sociation.

A typical spectrum for the reaction Ar,*(®X.*) + hv
—» Ar* + Ar is shown in Fig. 4 for a 3-keV parent ion
beam and coaxial laser at 7525 A. The spectrum is sym-
metric since photofragments ejected into c.m. angles 0
and 7 are detected with nearly equal efficiency. The
center of the spectrum is at 1500 eV, as expected for the
photodissociation of a homonuclear diatomic. A scale in
the photodissociation energy W, as calculated from Eq.
(2), is shown at the top of the figure. A detailed study
has been made of this photodissociation using both
coaxial and crossed laser beams at 14 wavelengths
between 4579 and 7993 A. This work'? was used to deter-
mine the *X,*, ?X,*, and 11, potential curves of Ar.* to
substantially higher accuracy than had been previously
possible. The identification of the peaks shown in Fig. 4
was based on this work.

We note that individual vibrational tevels are not re-
solved here, as they have been for Hy* 9 and O ™
This is not surprising since the spacing of the Ary* vibra-
tional levels is only about 30 meV, and the rotational
spread at our ion source temparature (~400 K is of this
order. When this rotational spread is combined with the
finite energy resolution of the apparatus, it is cleany dif-
ficult 10 resolve the individunl vibrational levels in Ar, .
An example will be shown later where vibrational levels
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of O,* are well resolved, and the energy resolution of
the apparatus is demonstrated to be about 5 x 1074,

The angular dependence of the photodissociation frag-
ment ions has been treated by Zare and Hershbach'®
for cases of zero and infinite dissociation (or predissocia-
tion) times and by Ling?® for varying lifctimes of the
intermediate state. In the zero-lifetime case' the distri-
butions behave as P(B) x [1 + 8/2(3 cos?B ~ )]
where B is the angle between the laser polarization vec-
tor and the ¢.m. fragment ion velocity, and -1 = 8 = 2.

The angular distribution can thus vary from isotropic
to cos?g or sin?B. Inclusion of varying lifetimes®® and the
effects of spin-orbit coupling!? significantly complicate
this picture, but all basically tend to make the angular
distribution more nearly isotropic. Thus fragment ion
spectra can often be observed even for basically parallel
transitions (AA = 0), with coaxial beams where P(8)
x sin?g in the limiting case. An example of this is the
2¥," « 23 * transition shown in Fig. 4.

The coaxial beams arrangement is also well suited to
the threshold (or, perhaps better, **predissociation”’)
photofragment spectroscopy. With this technique, a
tunable laser is used to investigate photodissociations as
a function of laser wavelength, near the threshold, which
result in near-zero-energy photoiragments. These photo-
dissociations can result from transitions to a repulsive
potential, to quasibound levels near the dissociation
limit {as in rotational predissociation), or to a predis-
sociating bound state. For predissociations such as are
observed in Q,*, the resolution depends primarily on
the lifetime of the predissociating level. the energy
spread in the ion beam, and the linewidth of the laser.
The characteristics of the photofragment spectra ob-
served as a function of both kinetic energy and wave-
length allow the dissociating state to be identified, and
levels of both initial and final states to be determined. A
typical wavelength spectrum of the dissociation cross
section obtained in this way for the transition O, *(a'Il,,
v o=+ = O+ Ois shown in Fig. 5. Here the ob-
scrved energy resolution is 0.1 meV, as compared with
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5825 5820 9815 5810
ABSORPTION WAVELENGTH (A}

about 30 meV for normal photofragment spectros-
copy.2* " The peaks shown in this figure correspond to
transitions between specific rotational and fine structure
levels of the «'ll, state and the »*,” and f1I1, states.
Work is currently underway to interpret results such
as those shown in Fig. 6 in terms of the energy levels
of these states. In order to avoid the complication
of the two Doppler-shifted frequencies, vyl £ v/c). seen
by the beam in the intracavity operation, these data
are oblained using the extracavity laser beam.
Another advantage of the coaxial configuration is
that the ions in fast beams can have a very narrow
Doppler width for absorption of the laser photons. This
effect was recognized early in the planning of our ap-
paratus and has since been discussed?! and exploited®-®
by others. The energy spreads of a f=w eV or less in
the laboratory frame of reference that characterize
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Fia. 6. Veloity-tuned spectrum of O photofrugments covering the
0.2.A wavelength range near S818 A indicated wn Fig. & (laser was
operated single mode).
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beams from many ion sources are unchanged when the
ions are accelerated through electrostatic fields and the
c.m. distribution of velocity components along the
beam axis becomes very narrow, with equivalent kinetic
temperatures, as seen by the laser, of a few kelvins,
The increased absorption strength at line center and
narrowness of optical transition lines can be very use-
ful in high-resolution spectroscopic studies and photo-
excitation of ions, or using fast neutral beams produced
by charge transfer from ion beams. To achieve optimum
resolution, single-frequency lasers must be used. Fine
**tuning’’ of the absorption wavelengths can be achieved
at a fixed laser frequency by varying the ion beam energy
and Doppler-shifting the absorption lines through the
laser frequency. The electrostatic cage shown in Fig. 2is
used to vary the beam energy and obtain such a **veloc-
ity-tuned”’ spectrum. Thus by use of a relatively simple
voltage sweep one can effectively use fixed frequency,
multiline lasers such as CO and CO, lasers as though
they were continuously tunable. and can “‘tune’’
single-frequency dye lasers in the visible over several
angstroms.

An example of a velocity-tuned spectrum is shown in
Fig. 6. To obtain this spectrum, the beam energy was
swept from 3180 to 3600 eV, while the laser was
operating single-frequency ncar 5818 A. While the ab-
solute wavelength is uncertain by =1 A, the relative
wavelength is precise to within £0.0005 A (50 MH2)
and the laser linewidth was only 0.0001 A. The five dis-
tinct peaks and the shoulder all lie within the band 0f 0.2
A indicated in Fig. 6, and together make up the peak
fabeled S81S.3 in that figure. The peak widths in this
spectrum vary from 170 MHz (0.7 x 10°¢ ¢V) to 700
MHZz (2.9 < 10 * ¢V), reflecting the lifetime of the pre-
dissociating states. The 3-eV energy spread of the ion
beam causes o Doppler width of 120 MH2 which is folded
into the observed widths, This technique should vield
measurements ol transition energies that are an order of
magnitude more precise than existing spectrographic
meastrements,

Obviously, the velovity -tuned spectioscopy deseribed
abave can also be applied using a collisional detection
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scheme™® for both vibrational and electronic transi-
tions. This technique has the advantage of not requiring
that the transition lead to predissociation, but requires
the use of phase-sensitive detection since a small change
in the primary ion current must be observed.

Finally, although this capability has not yet been
demonstrated, calculations show that it shouid not be
difficult to observe laser-induced fluorescence from the
beam. A photomultiplier and filter for this type of ob-
servation are indicated in Fig. 2. In some cases, it
should be possible to use a monochromator to observe
the fluorescence and determine not only the absorbing
states but also the fluorescence channels.

B. Crossed-beam configuration

When “‘parallel” transitions (AA =0) in photodis-
sociation yield angular distributions with near-zero frag-
ment ion intensities along the axis in the coaxial arrange-
ment, the laser polarization vector can be oriented along
the beam axis by directing the laser at 90° to the ion beam
axis in the more traditional arrangement. An example is
shown in Fig. 7, which shows the photofragment energy
spectra of the photofragments following the a'll,
— [, transition in O,*, as was observed by Tabché-
Fouhaillé er al.'® (as compared to the wavelength de-
pendence of the cross section near threshold as shown in
Fig. S). Here the vibrational spacings of the «*I1, initial
state are sufficiently large to be well resolved by the
energy analyzer, and the structure seen in Fig. 7 shows
the high-energy resolution obtainable in this apparatus.

These data were obtained at 5846 A, and are directly
comparable to the same results shown in Fig. 5 of Ref.
18. The apparent differences are the larger peakat W = 0
and the additional structure in our data. The main vibra-
tional levels observed here (v" = §, 6, and B) agree with
those in Ref. 18 within the combined experimental uncer-
tainties (220 meV), and with the locations expected
from optical and photoelectron spectroscopy (see Ref.
18). Dissociation from levels v” = 9and 3, not observed
in Ref. 18, is clearly present here as are shoulders on
the v" = 5 and 6 peaks and on the central peak. The
v" = § and 6 shoulders probably arise from dissocia-
tion via the O(P,) state." The fact that the W = 0
peak is larger in the present data can be due 10 a very
slight difference in wavelength in the two experiments,
since the photofragment signal near SB46 A varies
rapidly with wavelength, as in the data of Fig. §.
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PHOTOD1SSOCYATION CROSS SECTIONS CF Ne2 s Ar_ Krz » AND Xez
FROM 3500 TO 5400 X

L. C. Lee and G, P, Smith

A Molecular Physics Laboratory
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.‘. ;'

. ABSTRACT

3 . . + .+
F‘ g The photodissociation (photoabscrption) cross sections of Ne2 R Ar2 R
.3 S +
3 B Krz , and Xe2+ have been measured frow 3500 to 5400 &. The rare gas dimer
3 + +
e . jons were produced in a drift tube mass spectrometer, and the Kr and Ar
;‘ ion laser Lines were usad as the photon source, The cross sections decrease
% ﬂé . monotonically «ith increasing photon wavelength fiom 3500 to 5000 X, and
i 4

_% | %i then increase with photon wavelength, The cross sections have values of

: ; -18 2 + +
v 1.93, 13.3, 24.8, ang 29.6 x 10 em at 3569 and 3507 L fer Ne, , ar,,
I o+ 4+ .

- 3 hrz , and kez » Tespectively. The currvent measurements are compared with

. . . + +
various theoretical calculations. The dependence of the Nez and Arz
cross sections on the effective winetic temperature was investigated by

increasing the ion drift velocity, and wis attributed to vibrational '

escitation of the ions,
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i +
The photoabsorption cross sections of rare gas dimer ionms, NezT, Arz .

+ + '
Ktz , and Xe2 , have recently been extensively investigated, because these

processes are important for detailed characterization and optimization of

. 1
the rare gas excimer and rave gas-halogen .asers. The photoabsorption

of rare gas dimer ioms occurs by transitionsz’3 from the bouad ground

electronic state, 1(¥)u, to repulsive states, which results in dissociation,
4,5 ‘

Several measurements have been made on the photodissociation cross

sections of the 1(%)g =~ 1(%)u transition in the visible region, The

experimental data for this transition are reasonably consistent with

.
”2

2«
theoretical calculations.” = On the other hand, absclute photodissociation

cross section measurements on the 2(%)g - 1(%)u transition in the ultra-

+
2

at 3.0 and 3.5 eV, and relative photoabsorption cross section measurcments

violet region have only been made by Vanderhoff7 for Ax *

+
5 Krz » and Xe

+ +
attributed to Arz and Ktz have been made by Hunter et ai.s Theoretical

calculations en this photoabsorption band are very exteﬂsive.z’é’g’lo Since

this ultraviolet absorption band is important in various laser applicatiens
iavolving the rare gases, additional experimental study 2f this band is of
inzerest. We report here adsolute photodissociation cross

section messure~

seats on all four of these {ons I the 3500-5400 1 region.
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Foo A ' 11 Experimental

The measurements reported here were made using a drift tube mass

. ‘spectrometer which has been described in detail in a previous paper.ll

Basically, the apparatus consists of an ion source, drift region, mass
analyzer, and ion detector. The source and drift regions were filled
with the gas of interest at a pressure of 0.4 torr. Ions produced in

an electron impact scurce move along the drift tube under the influence of
a weak uniform electric field toward a l-mm diameter exit aperturc, For
the photodissociation cross section measurements, the ratio of the applied
electric field to the gas number demsity, E/N, was limited to 10 and 20
-17 2 .

Townsend (1 Td = 10 V-cm ). The dependence of the apparent photodisso-
ciation cross section on the applied electric field was also studied by
varying E/N from 10 to 170 Td.

The drifting ions intersect a laser beam of diameter ~ 1.5 mm in front

. . . + R 2R
of the exit aperture, Various visible lines of Ar and Kr ion lasers,
tuned by u prism, were used as the photon source, The ions were inside
+
the laser cavity. At the uv lines of the Kr ion laser, which consists of
25% 3569 & and 75% 3507 A, the ions were outside the laser cavity., The photo-
dissociation cross sections at these pholon waveleagths are large, so the
laser power was reduced to avoid the diffusion effect caused by a high
, 12

percentage of ion destruction, The laser was mechanically chopped at
100 Hz. The ions of interest were selected by a Guadrupole mass spectivometer

and detected by a channeltron electron multiplier. The number of iouns were

c-3
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zounted for equal periods during which the laser was on and off. The cross
sections were placed on an absolute scals by normalization to the 0 and Oo“

photodetachment cross sections.ls’la The reduced ion mobilities usged for

15,16
such normalization were obtained from the recent literature. 3.1

At each wavelength the number of ion councs were accumulated until the
statistical uncertainty in the photodestruction signal was less than 10%, The

relative intracavity photon intensity is determined by measurement of the laser

output power, with an uncertainty of less than 5% for every wavelength

measured. The ion mobility is known to within 5% of its true value. Including
the uncertainty in the 0 and 02- photode tachment cross sections used fer
nomalization, the experimental uncertainty for the ahsolute photodissociation

cross sections is estimated to te ¥ 20%.

111 Photodissociation Cross Sections at Low BN

The photodissociation cress sections or molecuiar ieng are dependentz’g

on the rotational and vibrational populations of the ions, Thus, daca on
photodissociation cross sec.ions are meaningiul only if the populations of the
fons are reasenably well defined. The populations of dimer {ons can be affected
by the applied electric fielu (see Section IV) and by the processssa that form
the fons. The dimer ions are mainly formmed by a thice-body reactim&g that may
produce the ions in vibtastionally excited states. However, at [w valuss of

B/t (less than about 20 1d}, the ion kinelic energies acquired from the field are

auch less than frox thermal collisions at room temperature, and these fons will be

well relaxed by coilisions ia the drift vegion. They are essentially in thermal

5
equilibriun” at near rooo temperature (300 K). The photodissaciation ctoss sectious

bt A PN TR WO 15—
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r +, Kr£+, and Xe, ' at various photon wavelengths are listed in

+
of Ne 5

2° A

+ + +
Table I, where Ne2 and Ar2+ were measured at 10 Td, and Kr2 and Xe2 at

20 Td, Trke reduced ion mobilities used to calculate their drift velocities

+ 15 + 15 1 16
’ Ar, , 7, Kr2 R

2 and

are 6,26, 1,83, 0,995, and 0.617 cmz/V-sec for Nez

+ 16 . X .
Xe2 , regpectively, in their parent gases.
The photoabsorption bands reported here result from the 2(%)g < 1(3)u
transition. 1(%)u is the ground electronic state, which is bound. 2(%)g is
. +.2
a repulsive state dissociating into Rg ( P;) + Rg, where Rg = Ne, Ar, Kr, or
2
. . . Sy . 2,3,9,10
Xe, These potential curves are described in detail in the literature,
The present results are compared with other experimental measurements
, . 2,3,6,9,10 ,
and theoretical calculations in Figures 1-3. The present measure-
ments agree very well with the experimental data given hy Vanderhoff7 at

+
3.0 and 3,5 eV for the Ar2+ and Kr2 ions, but to a lesser degree for Xe2+

For Xe the present data are lower than the values of Vanderhoff,7 but

2 H

are coasistent within the experimeutal uncertainties, The theoretical
calculations agree qualitatively with the preseat measurements, but

quantitatively the theoretical caiculations require adjustment. For Ar2+,

the present data agree best with the ab initio calculations of Stevens ot a1.2

2
In these calculations a basis set of Slater-type functions has been used

to construct the single-configuration wavefunctions for the four Ar2+

; 2.+ 2.+ 2 2
electronic states, Xu » L, Hg, and ﬂu. A large basis set has been

used in anticipation that the tranuition mement would bc sensitive to any

deficiencies. As shown in Fig. 1, their calculations2 agree very well with

C-5
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tie measurements, The calculations of Moseley et al.10 for Ar2+ and Abouaf

+

et 31.6 for Kr2 are semiempirical. In these calcvlations the potential

curves and the transition moments were adopted from the ab initio calcula-
2,3

tion, but the potential curves were adjusted in accord with the observa-

6,10

tions of photofragment spectroscopy. As shown in Fig, 2, these

+
semiempirical calculations for XKr

9 agree quite well with the cross section

measurements, The band shapes for the ab initio calculations of Wadt et 31.9
also agree quite well with the measurements, as shown in Figs, 1-3, However,
their peak positions require a shift toward shorter wavelengths, This shift

has been pointed out by Wadt et a1.9 in comparing their calculations with

the photoabsorption measurements of Hunter et 31.8 Nevertheless, this

shift of the peak positions requires an adjustment in the potential curves

of less than 0,1 eV, This adjustment is within the possible error of

0.1«0,2 eV in the potential curves as indicated by Wadt et 31.9 From these

. . C e ; +
investigations, the photodissociatiou cross sections of the Ar

+
2 and Krz

. 3 ry » +
dimer ions in the ultraviolet band seem well established, For kez » however,
the discrepancy between the theoretical calculations and experimental
measurements is large, indicating the need for substantial sdjustment in
the potential curves,
8
The relative cross sections measured by Hunter et al. are consistent
_ 2 + 6

with the cal¢ulation of Stevens et al. for Ar2 , and with Abouaf et al,

+
fer Kr2 « When the relative absorption data of Hunter et al.a are

normalized to the plesent measurements, both sets of dats agree. This
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suggests that the absorptions measured by Hunter et al.8 may be properly

attributable to Arzl+ and to Kré+.

‘b IV Photodissociation Cross Sections at High E/N
An attempt to investigate qualitatively the relationship between E/N
and vibrational excitation was made., When an ion drifts under the influence

of an electric field, it acquires kinetic energy in addition to its thermal

E energy. This additional kinetic energy may result in excitation of the

dimer ions into higher rotational or vibrational states, Since each state

has its own transition probability, the apparent photodissociation cross

3 i sections of the dimer ions can depend strongly on their initial excitations,
The cross sections can thus be affected by the acquired kinetic energy.

In order to study this effect, the photodissociation cross sections were
measured at a drift distance of 20 cm and a gas pressure of 0.4 tors for
various E/N values from 10 to 170 Td, The results for photodissociation of
4+ +

Ne, at (3569 and 3507) X and of Ax, at 4131 X are shown in Table 1I, in

which the ion kinetic energy and the effective translational temperature

are also listed. The ion kinetic energy, E_, is calculated from the ion

15,17,18

K

drift velocity, v,, as given by

d

2

E, =% av 2 + k My

K d

and the effective kinetic "tomperature'" (s Jdefined as
*
T e §E /K
s E/

vwhere m and M are the masses of ion and parent molecule, respectively, T is

C-7




the gas temperature, and k is the Boltzmann constant. The ion drift
. 15,16
velocity is calculated from the product of the reduced ion mobility,
1
E/N, and the Loschmidt number (2,69 x 10 9 molecules/cms). The effective
kinetic temperature is not a true temperature, The translational,
rotational, and vibrational populations at an effective kinetic temperature
are not expected to have Boltzmann distributions,
+
As shown in Table II, the apparent cross section of Ar2 is less

, . + \ +

affected by the applied electric field than for Ne2 . This is because Ar2
+
has a lower reduced mobility than Ne2 » and therefore its kinetic energy
and resulting vibrational excitation are less sensitive to the applied
+ + ,
electric field. Since Kr2 and Xez have even lower reduced mobilities,
their photodissociation cross sections will be less sensitive to E/N than
Ar +
2 L]

Translational to rotational energy transfer is expected to be a fast
process, iargely because the energy gap between rotational quantum states is
small for the heavier diatomics. The effective rotational temperature of
the ions at any E/N should therefore be close to the effective translational
temperature, Furthermore, Stevens et al.2 have shown theoretically that

+
rotational excitation does not affect the Ar2 photodissociation cross
section, Thus only vibrational excitation is likely to be responsible for
any E/N variation in the cross section, The amount of vibrational excitation

is determined by two competing processes: translational to vibrational

energy transfer from the kinetically hot Ar2+ (excitation), and vibrational

c-8
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+
to translational energy transfer from Ar

2 collisions with the 300 K Ar

gas (deexcitation), Such V-T processes are generally slow, but in this case
they will be augmented by the switching reaction Arz+ + Ar — Ar + Aré+.
The rates for the excitation and the deexcitation processes may depend on
the kinetic energy of the Arz+ ions acquired. Currently, little quantita=-
tive information is available on these important energy transfer rates.

At 4131 ﬁ, the dependence of the Ar2+ photodissociation cross sections
on the vibrational and the effective kinetic temperatures is shown in Fig. 4.
The cross sections for the vibrational temperature, where the rotational
and vibrational populations are in a Boltzmann distribution, were obtained
from the theoretical calculations of Stevens et al.2 For a suitable compari-
son, the cross section given by Stevens et al.2 at 300K was normalized to the
present measurement, The calculated cross sections of Stevens et 31.2
are larger than the experimental measurements, but their relative values
for various vibrational temperatures are probably correct, because their
calculations are very consistent with the experimental measurements for
both the visibles and the ultraviolet bands (see Fig. 1). As shown in
Fig. 4, at low effective kinetic temperati:e, T*, the apparent photo~
dissociation cross section is equal to the value at the same vibrational
temperature., This temperature equivalence indicates that the excitation
process determines the vibrational excitation, At high effective kinetic

*
temperature, the cross section at each T 1is smaller than the value at the

L 3
sam. vibrational temperature, The deexcitation of Ar2 by collision with

C-9
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the surrounding 300 K gas becomes dominent, and a maximum vibrational
excitation is approached,

The apparent cross sections at the various applied electric fields are
not dependent on the ion drift distance. This indicates that a steady
state is quickly established at each E/N, The vibrational excitation in
the steady state may depend on the gas pressure and composition, From
such dependence, quantitative data, such as vibrational excitation and
relaxation rates, may be obtained, Further investigations on this subject

are planned,

V. Concluding Remarks

Including the results reported in a previous paper,5 the measurements
for the rare gas dimer ions now cover the photon wavelength region from
3500 to 8600 K. Combining these experimental measurements with the

extensive theoretical investigations,2’3'6’9’10

the photodissociation
cross sections for the transitions, 2(X)g - 1(¥)u and 1(})g - 1(X)u, are
very well established,

The photodissociation cross sections monotonically decrease with
increasing photon wavelength from 3500 to 5000 2. ac longer photon wave-
lengths the photodissociation cross sections increase again. This increase
is caused by the photoabsorption of the 1(%)g =~ 1(k)u transition, which

has been investigated previously, ’

C-10




The ultraviolet absorption bands of rare gas dimer ions reported here

are red shifted with increasing atomic number as predicted by theoretical
9 +
calculations,” At the uv lines (3569 and 3507 X) Ne2 is just starting to
+

absorb, while Xe2 ig apparently near the absorption maximum., The oscillator
strengths for this ultraviolet absorption band are of the same magnitude3
for all the rare gas dimer ions reported here, in contrast to the visible

3,5

+
band, where the absorption oscillator strengths increuse fren ch to

+ + +
Ar2 to Kr2 to Xez . The ultraviolet band has a larg~ transition moment,
and the electronic states involved are similar for ali rare gas dimer
ions. In contrast, the transition moment responsible for the visible band
2,3
is very small, and {ts transition strength depends strongly on the
. .26
spin-orbit coupling which increases as the atomic number of the rare

gas increases, Because of the weak spin-orbit coupling, the absorption cross

+
section of Nez in the visible region was too small to be measured.
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A &)

5309
5208
4825
4762
4680
4579
4131
4067

{3569
3507

Photodissociation cross sectioms (10-18
at various photon wavelengths, A,

+
measured at 10 Td, and Kr

<0.11

< 0.09

1.93 + 0,20

Table I

2

+
S

< 0,012

< 0,028
0.024 + 0.012
0.035 + 0,016
0.082 + 0.022
0.130 + 0,012
1.05 + 0.10
1,60 + 0.17

13.3 + 1.1

C-14

+
and Xe

cmz) of dimer ions

+ +
Ne2 and Arz wvere

2

K-
0.033 + 0.004
0.026 + 0.006
0.100 + 0.014
0.122 + 0,013
0.203 + 0.022
0.39 + 0.03
3.18 + 0.28
3.63 + 0.37

26.8 + 1.9

at 20 Td

Xe,”
0.028 + 0.005
0.022 + 0,004
0.102 + 0.011
0.147 + 0.016
0.264 + 0,026
0.64 + 0.03
5.50 + 0.55
7.32 1,33

29.6 + 2.0




Table 11
-18 2
Apparent photodissociation cross section ¢(l0 cm ), average

ion kinetic energy EK (meV), and effective kinetic temperature

T*(K) at various E/N (10-17 V-cmz). Ne2+ was photodissociated
by photons of wavelengths (3569 +3507 & and Ar2+ by 4131 g.
E/N Ne2+ Ar;
EK T* c EK T* (]
0| 39 300 39 300
10 | 48 368 1,93 +0.20 40 312 1.05 + 0.10
20 | 78 602 2.96 +0.19 45 349 1.45 +0.10
1 3¢ 53 406 1,69 +0.18
. 40 | 208 1604 3,97 + 0.35 65 502 1.75 + 0.20
: 50 78 602 2,00 + 0.23
60 96 44 2.88 +C 15
i 70 119 9i7 3.1l £ 0.35
L,. 80 145 1118  3.88 + 0.26
100 208 1604 4.89 + 0.32
120 281 2173 6.25 + 0.36
3 140 359 2715 7.00 % 0.42
160 440 3398 7.35 + 0.74
170 462 3571 8,174 0.82
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APPENDIX D

Photodissociation of atmospheric positive ions. Il

3500-8600A

G.P. Smithand L. C. Lee

Moleculur Physics Laboratory, SR Internciional, Menlo Park, California 94023

(Recetved 15 August 1978)

LUsing a dnift tube mass spectrometer, photodi

Cross

have been measured for many

postive atmospheric cluster ions at ion laser and dye laser wavelengths between 1300 and 3600 A
Structureless crosy sections were observed for the dimer ions O, NONO*, N;, and CO,CO;, and for

cluster 1ons of O;. The nature of the ciectronic states involved 18 d

§. Evid of a 4

dissociative state for O and O -H,0 in the ultraviolet s presented. Upper limits on the cross sections

of COCO"* and cluster 1ons of NO* and 11 O* below 1x 10 '* cm? were

I. INTRODUCTION

In a previous paper, ! we reported photodissociation
cross gections for several weakly bound positive cluster
ions, including NONO®, CO;, and O;-H,0, in the wave-
length region from 5300 to 6700 A. Since such ions are
important in the lower ionosphere and photodissociation
by visible sunlight can be an important 103s mechanism,
our uuderstanding of this region requires the determina-
tion of these photodissociation cross sections’ over a
wider range of wavelengths. These extended measure-
ments also provide some information on the electronic
states of ions.’

We have now extznded these measurements to 3500 A
in the near uv and to 8600 A in the near ir, using both a
tunable dye laser and the lines of argon and krypton ion
lasers. We report photodissociation eross sections for
0], NONO°, CO,CO3, N;, CO;, O;-H,0, and O;-2H,0.
We have also determined upper lLimits on the cross sec-
tions for the ions COCO°, N;K*, NO°. H,O, NO°- 2H,0,
NO'. CQ,, NO*. N,, and H,0°. 2H,0, n=0,1,2,3. These
measurements provide information on the electronic
structure and bording of cluster ions.

. EXPERIMENTAL

The drift tube mass spectrometer apparatus has been
extensively described previously.® lons formed by elec-
tron impact in the source region, and subsequent ion-
molecule reacticns, drift slowly down the tube under the
influence of a weak applied field. At typical values of
the ratio of the electric field to the gas density (E/N) of
10-20 Td, the ion energy is essentially thermal, and
most ions at the end of the drift tube have undergone
thousands of collisions with the background gas. For
example, O] in O, at 300 K and 10 Td has an average
kinetic energy”’ which corresponds to a temperature of
312 K. Even if the effective vibrational temperature is
equivalent, no major change in the cross section from
added vibrational excitation is expected for such a small
12 K temperature variation. At the end of the drift tube,
the ion swarm intersects an intracavity laser beam
which is perpendicular to the drift lield. The ions then
exit the drift region through a 1 mm diam. hole into a
high vacuum region where they are mass selected by a
quadrupole mass spectrometer and detected by a chan-
nel electron multiplier. The laser beam is chopped at

J. Chem. Phys. 69112}, 15 Dec. 1978
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blished at many ck .lh&.

100 Hz and the ions of interest are counted in two sep-
arate counters corresponding to laser off {/,) and on ().

Measurements were made using the argon laser lines
at 5145, 5017, 4965, 4880, 4658, and 4579 A, and the
krypton laser lines at 5309, 5208, 4962, 4825, 4680,
4131, and 4067 A. The krypton laser output used for
the ultraviolet measurements was 66% at 3507 A and
347 at 3569 A. Dye laser measurements were made
at 5300-5700 A uaing sodium fluorescein, at 5700~
6300 A using rhodamine 6G, at 6200-6900 A using rho-
damine 640, at 7000-7700 A using oxazine, and at
7700-8600 A using DEOTC pumped hy the krypton laser
red lines.*

The pesitive ion photodissociation cross section is
measured relative to O photodetachment and normalized’
tothe well -established values of this cross section, Thus,
o(A*) = o(0] * [Inlly/NK/ @), /Inlle/NK/0ly3, where K i8
the ion mobility and ¢ is the photon flux, The O; cross
sections of Cosby et al.” were used from 4800 to 6700 A,
Above 6700 A, the cross sections given by Lee ef al.®
for O, raeasured relative to the D~? and O"*? photode-
tachment cross sections, were used, These values are
~20% higher than those of Burch et al.,'' and vary lin-
early from 1.15x 107" em? at 7000 A to 0.80x10°!* cm?
at 8000 A, Below 4600 A, the cross sections for O;
photodetachment given by Burch ef al.'' were used.
These values are confirmed by qur rezent measure-
menta® on 05 relative to the O” cross sections of Brans-
comb et al.'® The resulting abeolute uncertainty in the
positive ion photodissociation cross sections from this
procedure is about +20%. A direct normalization to the
O cross section is not possible at the 400 mtorr pres-
sures used to make most positive cluster jons because
large amounts of O;, which produce O° photofragments,
are present at this pressure,

Unless otherwise noted in the text, all measurements
were made at 400 mtorr pressure, 20 cm drift distance,
and an E/N of 10 or 20 Td, The ion mobilities used are
those listed previously, ' and are listed in Table 1. Care
was taken to avoid those conditions described tn our ini-
tial report’ which can cause inaccurate cross section
values, Thus, gas partial pressures were chosen to
avoid fast jon recombination reactions of the photodis-
soclated fragments, formation of the ionof interest from
photodissociation of larger clusters present, and the
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TABLF 1. lon mobilities used.

Mobility

fon Uas fem? vV 8
o 0. 2,080
NONU® N.O 1.45%
COL02 Co. 1.2
N N, 2,00
COCo* Co 1,908
Co; Co, RN
O3 ILO 0Oy 2.56°

O3 2H0 O, 20
NI N: 2,128
NOT L0 N0 1 oust
NOT-2H0 N0 12d
NO* O, Co, i.25%
NON, N, 2
o O, 2P
HO - H, O 0, 236
HEP 210 [¢R 2,820
0 31,0 Oy 2150
Aetereace 23, SHeference 12,

*Helereace 1,

establishment of fast equilibria between the ion of in-
terest and other ions which are present in large concen~
trations or which have large photodissociation cross
sections, All measurements were made at a photo-
dissociation less below 13% to prevent any effects of dif-
fusion on the eross section values, This required mest
measurements for NONO and CO,CO! above 3500 A be
made outside the dye laser cavity at very low laser
powers,

W1, DIMER IONS
a o

The O} photodissocatior ¢ravs section data is pre-
sented in Fig, 1. The error bars represent one standard
deviation relative error attribytable to counting statis-
ties. The structureless form of the ¢ross seetion, vx-
amined previously in gregter dotail from 5700 to 8700 A,
18 confirmed over 3 much wider wivelength range, This
belavioy i predicied from a paeudohamangeiesr di-
atomic odel far diney jond, wih a weakly bognd state
having the charge egqually sinred botwoen the two ideall-
r3l O "nuclel, ¥ and @ ropyldive upper state. The cross
section peaks near 8160 A and estrapatation of the long
warelenath Jats gusgosts a posHive vross seetion to al
feast 92000 A, Thowe mezsurcents agrer with the re.
sults of Beyer and Vasdortafl, ' also shows in Fig. 1,
at -arious lager waveloagthe betweor 4379 and BT84 A,

The tise i6 the croms section below 4000 A clearly iav
dicates the ongel of 3 secand dingsociative process, in-
valving a0 additioaal excited state of O;. We also note

the possibility that a third mechanism may be respon-
sible for the long, flat. low cross section between 4000
and 5800 A, At photon wavelengths shorter than ~ 35900
A (above 2.1 eV), production of O,(»'%*) from Of photo-
dissociation is also thermodynamically allowed, and
this process may be responsible for the ultraviolet dis-
sociation,

One can also obtain an approximate estimate of the
first repulsive state potential from the data Because
little t8 known about tue Of ground state, other than its
digsociation energy and total entropy, we of necessity
use only a very simple approach. The ground state is
represented by the (0,-0,)* stretch r =0 harmonic oscil-
lator vavefunction, bound by Dy =0.41 eV, 13 The re-
pulsive surface is modeled by a simple point centers of
repulsion potential V{(») =C{r/»,Y™, To a rough first
approximation, !* the relative photodissociation cross
section at energy Do+ V(r) is given by the square of the
harmentc oscillator wavefunction at r times the fre-
quency. To match the data, we must choose or fit four
parameters: the internuclear separation r, the vibra-
tional stretching {requency w,, the index of repulsion
n, and the constant C. The magnitude of the peak in the
calculated cross section is normalized to the experi-
mental value.

Before discussing the choice of parameters, an exam-
ination of the approximations involved in this technique
is warranted, This ‘‘reflection” model is more fully
discussed by Herzberg.'* The cross section is given
by olv) =v{f ¢, “dr). The ground state wavefunction
<" is that for a r =0 harmonic oscillator. The upper
state wavefunction .’ in this model is approximated by
2 delta function at the classical turning point. The re-
sults of this procedure deviate only slightly from those
using aceurate repulsive eigenfunctions. '’ In ysing a
curved repulsive potential rather than a linear one, a
factor related to the proper normalization of the upper
state wavefunctions nust be introduced. Gislason!" has
shown that .'(») . (dV &)V 78(y). Finally, the trans-
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formation to a wavelength scale gives
o) oA [p" () P Advin) far].

The distance 7, functions much like a scaling factor,
and other parameters are rather insensitive to its vari-
ation, Thus, 7, is fixed at the approximate value'® of
3.0A. Inone sense, C is a similar scaling parameter
for the potential erergy, but C is roughly determined
experimentzlly by the wavelength peak in the cross sec-
tion, Thus, r=7r, and V(r,)=C =E_,, - D;. The two
remaining parameters w, and » which determine the
width and steepness of the potentials, respectively, de-
termine the width of the cross section, The frequency
w, can only be estimated. We choose 700 + 300 em™, in
rough accord with Yang and Conway’s range.!® We can
now determine (for w, =700) the value of n which gives
the best match to the experimental cross sections, and
briefly examine its variation with w,.

From the O cross section maximum at ~8000 A, C
=1,15 eV. For n=11, the model gives a cross section
of half-maximum (~3.5x10°!® ¢cm?) at 7100 and 9100 A,
and a cross section less than 110718 ¢m? at 6400 A, as
shown by the solid line in Fig. 1. An equally reason-
able fit can be accomplished for w =400 cm™ and n=38
or for v =1000 cm™ and #=16. Thus, any of the values
typically found'? for » are possible. Secondly, the fit
to the data is not particularly good, as might be ex-
pected for such a simple model. The peak of the ex-
perimental cross gection is much narrower, especially
on the lony wavelength side, than the fitted curve indi-~
cates. This may signify a flatter repulsive potential
than an inverse power potential at lerger distances
(short wavelength), i.e., the excited state potential may
also have some attractive character, In addition to con-
straining the {unctional form of the repulsive potential,
the model also neglects the effects of low frequency
ground state rocking vibrations between the O, nuclei.

The modei calculation is somewhat imprecise because
the vai ‘e of » depends upon an uncerlain choice of w,.
In spite of the uncertainties discussed above, the photo-
digsociation cross section measurements do permit 2
determination of the ion~neutral repuisive potential to
within 0.1 eV over a narrow range of distances near the
ground state equilibrium radius. Scattering experiments
are more difficult and typically'® yield potentials of sim-~
ftar ~ecuracy, Furlnermore, future photofragment
spectroscopy experiments on Of should provide much
new information, permitting a more precise determina-
tion of the potentials. This procedure was recently
demonstrated for Ar; ' and Kri, *

B. NUNO*

Figure 2 presents the NONO* photodissociation cross
section results, measured in N,O.' The crcss section
vartes smoothly from a threshold near 8700 A, to a
broad flat peak of 2~ 10" em® between 7200 and 5800 A,
and dectines to - 1.0~ 10™* cm’ between 4000 and 3500
A, The data near the peak was taken with the ions out-
side the dye laser cavity to avoid a power dependence
due to diffusicn,' Because of the low photon flux and
long meagsurement times, the data near the peak are
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PHOTON ENERGY (eV)

1.5 2.0 25 30 35
24.- NONO’
This work
- Vanderhoft

— Model calculation

m

CROSS SECTION {10718 ¢in?)
@ &

6000 5000
WAVELENGTH {A)

8000 7000

FIG. 2. Photodissociation cross section for NONO®. Triangles
represent the results of Ref. 21. The selid hne fit is derived
from potentials described in the text.

subject to considerable statistical noise. The results

agree with those of Vanderhoff, *' also showr in Fig. 2,
and show no significant structure in the cross section.
This again indicates direct dissociation via a repulsive
upper state,

The data shown in Fig. 2 suggest a possible double
peak in the cross section. We believe this is unlikely
for several reasons, and that a single, broad, flat peak
exists. Measurement of such large cross sections had
to be made on ions outside the laser cavity, take a long
time, and are subject to large error, Secondly, Vander-
hoff's*! measurements are similar to ours, but show no
double peaking, Finally, a second repulsive NONO*
state can be ruled out, since the NO{*il) + NO*(!%) com-
bination should form only two molecular states.

Note by comparison to O} that the peak in the cross
section is shifted to shorter wavelengths and is both
broader and larger in magnitude, The larger NONO'
dissociation energy of 0, 59 eV? indicates a stronger
interaction between fragments, presumably in the re-
pulsive upper state as well, so the ~0,4 eV shift in the
peak to shorter wavelengths is reasonable, Thus, for
the simple potential model, € - 1.3 eV for a peak at
6500 A, The greater breadth of the cross section com-
pared to Oy is consistent with a more repulsive, i.e.,
more strongly interacting, upper state,

Proceeding with a crude estimate for the repulsive
potential, we again choose »,~3.0 A and w =700 cm™,
The best fit occurs for C =~ 1,3 eV and n=16, This mo-
del gives 0= 12x10™** cin? (half~-maximum) at 7700 and
5600 A and o= 2,5%10""* cm? at 8700 and 4700 A, and as
seen in Fig. 2 fits the data very well, with slight devia-
tions at the flat maximum of the cross section and at the
longest and shortest wavelengths, The broad flat peak
may indicate that the potentials are more ¢omplex, and
should inciude the effects of (NO-NO)* vibrations. The
frequency w, is not well known and may vary consider-
ably for different dimers, Therefore, the steepness
parameter n of the NONO® repulsive potentizl, which
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FIG. 3. Photodissociation cross section for CO,CO'. Data at
5900 A from Ref. 1.

varies with the choice for w,, cannot be compared to the
value for O}, although # is larger unless w is ~300 cm™
less for NONO®, We can only note, from the peak, that
the repulsive potential at », is larger for NONO*., Photo-
fragment energy spectra should define these potentials
more clearly,

c. €o,co;

The CO,CO; photodissociation cross section, shown in
Fig. 3, reaches a large maximum exceeding 2x10°!!
cm? near 6200 A (2,0 eV), All measurements above

PHOTON ENERGY (eV)
20 25

5300 A were thus taken outside the dye laser cavity, and
the lower precision of this technique is reflected in the
statistical error bars, The cross section again shows
no structure, indicating a repulsive upper state, but no
characterization of the potential was attempted since the
dissociation energy is unknown, At energies above the
maximum, the cross section decreases steadily to a
value less than 1x10°'® em? at 3500-4100 A, At low en-
ergies, extrapolation of the long wavelength data indi-
cates a threshold of ~9500A. The C0,COj cross sec-
tion is asymmetric on a wavelength scale, as reflected
by the large values at long wavelength, but is nearly
symmetric on an energy scale. This suggests little
curvature exists in the repulsive potential at »,, al-
though neglected complexities of the ground state poten-
tial may also be important, In other respects, the
cross section and states of CO,CO; seem quite similar
to NONO’,

D. N;

Figure 4 presents the cross section data for Nj. The
ion was produced in 400 mtorr of Ny, and drifted a dis-
tance of 20 cm at 10 Td. A value of 2, 3 was used for
the mobility.?® The cross section has a threshold (<1
%10 cm?) near 6500 A, and rises steadily into the
ultraviolet, reaching 1. 1x107'" cm?® at 3500 A. The val-
ues agree withthose of Miller ef al.* measured between
5700 and 6700 A, In addition, at 7100 &, we measured
a cross section of 4+ 3x10"Pem?, and at 7500 & estab-
lished an upper limit (one standard deviation statistical
error) of 3.4x10°% cm?, This long low energy tail on
the cross section may be due to the small fraction of
vibrationally excited Ni ions in the drift tube at 300 X,

12 T T

CROSS SECTION (10-18 cm?}

FIG. 4. Photodissociation
cross section for Nj.

6000 6000
WAVELENGTR (A)

4000
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Again, for this molecular dimer ion, a smooth structure-
less cross section characteristic of a repulsive excited
state is evident, The Nj dissociation energy is 1,0 eV, ®
larger than Q] and NONO*, and the peak in the cross
gection is thus blue shifted. Yet, although Nj is bound

by only 0,4 eV more than NONO®, this peak is shifted

at least 1,5 eV toward shorter wavelength, This sug-
gests the excited state potential for Nj is much more re-
pulsive at », than that for NONO® or O},

We also made measurements on the isoefectronic
molecular dimer ion COCO’, and found cross sections
consistent with zero and below 10°!* cm? at all wave-
lengths, including 3500 A, This apparent large shift of
the bound -repulsive transition compared to Nj is un-
expected. One can speculate that CT, with its dipole
moment, forms a more strongly bound ion than N,.
Horton et al. ¥ estimate a COCO" bond energy of ~1,2
eV, Similarly, as previously observed, the more
strongly interacting ion-molecule pair should have the
more repulsive upper state, Thirdly, the more strongly
bound COCQ’ should have a smaller CO-CO bond dis-
tance, and thus the transition samples the repulsive po-
tenttal at shorter distances, and hence higher energies.
Yet, it is hard to envision such a large difference from
N; that the CGCO' has not begun to photodissoelate at
3.5 eV. However, note that the N; is also quite dra-
maticaily blue shifted {rom the slightly less strongly
bound NONO' system,

In conctusion, the melecular dimer tons examined in
this work can be characterized by a pseudodiatomie
model. This simple picture models the dimer states
after the gerade and ungerade states of H, fons bound
by less than 1 eV exhibit large, smooth, bell-shaped
photodissociation ¢ross sections in the visible, char-
acteristic of direct disgoclation through a repulsive ex-
cited state., The more strongly bound dimers have cress
section maxima at higher photon energles, and the mag-
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nitude of this shift alse increases sharply with dissovia-
tion erergy.

tV. O] CLUSTER IONS

The photodissociation cross sections for COj, O3 - H,0,
and O3 - 2H,0 are shown in Figs, U, 3. and 7, respec-
tively., Measurements of Beyer and vanderhoff'! have
aiso been included, For the hydrates, mobilities of 2.8
and 2,4 em?/Vs were oblained by mass sealing from the
measured value for O3 {n oxvgen.?” This differs slightly
from the value we used previoualy (0.1 em?/V ), tut
agrees with the mobilities used by Beyer and Vaader-
hoff.'? The results reported in this study are those ateq-
syrements for wavetengths shorter thaa $300 A, The
hydrate values are in good agreemeat with those of
Ref. 11 botween 4579 aad 5308 A. However, aur CQ;
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measurements are consistently about 40% below those of
Ref. 12 in this wavelength range. By contrast to our
measurements, Beyer and Vanderhoff*? conducted their
measurements with water, and thus with O; - H;0, tn the
drift tube. If the equilibrium COj + H,020; - H,0 + CO,
is achleved fast enough, a portion ol the larger O3 - H,0
cross section may be incorporated in the CO} measure-
ment, ! and this could possibly sccount for a portion of
the discrepancy in results,

These results confirm and supplement the results ob-
tained rarlier'*'? at long wavelenaths, The O based jons
appear to have structureless cross sections indicating a
repulsive upper state, A more detailed dye laser ex-
amination of CO; and OF - H,0 in the blue region of the
spectrum is planned, to clarify the shape of the cross
sections and to search further for any structure in the
cross sections. As Beyer and Vanderhoff'* have sug-
kested, one can probably characterize the photodissocia-
tion as a transition between the weak electrosiatically
bound O3 ~-X ground state and an excited charge transfer
state X'~0,. The upper state will probably be repulsive
or only very weakly bound, The potentials are similar
to the dimer lan mndel, except that the asymptotic Hm-
s of the states no longer coincide. The thermodynamic
threshold is given by the dissociation energy (-0,3
eVl far CO; and - 0.7 eV?' for O3 - H,0) plus the differ-
ence between the X and O, fonization potertials,

For ull three jons, there is evidence for a second
digsaciative ehannel at higher photon energies, The
CO; crass section fails to decrease in the espected
symmetrical patlern, xuggesting the possibility of a
second process at high energies, We note that photo
dissociatlon to CO; and Oqbe '3} I8 taermodvaamiealiy
attowed above ~ 3,8 eV, ¥ and may corresyond to the ap-
parent ulieaviolet channel, The local minimum sear
4000 A for O« H,0 more elearly aupperts a two chasncel
irterpretation, Here, we aote e thermodiaamie
theesholds for production of (414" T or H,0°7°3,) are 2.9
and 3,0 eV, reapectively, 't Photofeasicut spectro,
seopy should az2ats prave ysefyl i clarifring the ultra.
violet vhasnela,

For the dogtile hrdrate, the shatp rise 3 the cross
sestion alter a loag gradyslly eising pattess mav alsv
sugpest 1 serond chanael. Considering the Laek ~f 14 -
forsmation oo pholuftsp ttietla, the tzahy pofoutial plsts.
processen, and ihe diffieylic of deseribing the O . IK.0

TARLE it 4 poks e

Yoo
P

electronic states based on the simple model presented
above, an interpretation of this cross section in terms
of the molecular potentials was not attempted,

There is a fundamental difference between the positive
and negative ion hydrate photodissociations studied in
tkis laboratory., While the positive fon hydrates are
characterized by a charge transfer transition, for the
negative lon hydrates, the transition appears to be cen-
tered nn the parent ion. This behavior is clearly re~
flected by the very similar O3, 0f- H;0, and O 2H,0
cross sections, ™ and is attributable to the fact that e
has a visible absorption and H,0" is unstable.

V. NONDISSOCIATING IONS
A. NO® clusters

Table Il gives upper limits for the vhotodissociation
cross sectioas of various NO' cluster {ons at Kr’ laser
wavelengths from 3500-5309 A, These lons were pre-
viously examined at longer wavelengths, ' All measure-
ments are consistent with zero cross sectipng, and the
upper limits presented include one standard deviation
from staiistical counting error, Limits below §+10°V
em’ were generally set, although the extreme difficulty
of producing more than a trace of NO* - N, in the drift
tube! precluded such precision for this ion, Zere eross
sections are expeeted for these HO” cluster lony from
the simple charge transfer electronic states model, The
lowest possible thermody u.miv threshelds, given by the
ditferences in tonizstion poteatials® between NO and
H.O, COy, aad Ny, are 304, 4.5, and 6.3 eV, respec-
tively,

B. Hydroaym wns

As Table I atvo tllustrates, we have exteaded oup
earlier measurements on the bons HLY - (H,0), »- 0,
1. 2, Y, to sherter wavelengtha, Photodiysocistios
vrusa setiions cotatatont with z2erv and litits bBolaw
110" v were gpath defermined,  Measufoments at
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dissociation cross section at 3500 A indicates any dis-
socialive, repulsive states correlating to H,0" + H,O
products lie at higher energy. Production of H,0° would
require over 5.5 eV of energy, Other investigators'®¥
have also observed zero cross sections for these ions

at various wavelengths,

Also recorded in Table II are upper limits measured
for photodissociation of COCO’, discussed earlier, and
N,H". One final series of cluster icns of ionospheric
importance are the alkali ion hydrates such as Na® + H,0.
According to the simple electrostatic bonding and charge
transfer state model, which has proved successful for
positive cluster ions thus far, no excited states should
exist below 7 eV, the H,0" + Na limit, due to the very
low sodium ionization potential.

VI. CONCLUSIONS

We have presented data, and set upper limits, on the
photodissociation cross sections of most positive cluster
ions of atmospheric importance throughout the visible
spectrum, In general, symmetric clusters such as
NONO’, and cluster ions of O}, have large structureless
cross sections, while NO* and H,0" cluster ions do not
photodissociate below 3.5 eV. A simple electronic model
based o weak electrostatic bonding and a pseudodiatomic
characterization of the electronic states is sufficient to
account {or the observations for both symmetric and
asymmetric ions. We will calculate the solar loss rates
via photodissociation for these ions, as well as the neg-
ative jons studied in this laboratory, and discuss the
implications for D region ion chemistry in a subsequent
paper, ¥
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